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      The use of electrostatic interactions is a fundamental component of the the structure and 
function of biological enzymes, and has the potential to be a powerful tool in synthetic complexes 
as well. Electric fields generated by charged species have remarkable influence over electronic 
structure and intermolecular reactivity, and are capable of remarkable thermodynamic control in 
catalysis. Herein, a heterobimetallic platform consisting of a Schiff base binding site and an 
enchained crown ether ring is used to show a diverse range of effects that arise when a transition 
metal and a cation are placed in close proximity.   
 In Chapter 1, spectroscopic and electrochemical techniques are used to demonstrate the 
role of electrostatic interactions on a nearby cobalt center. These experiments demonstrate the use 
of a wide range of cationic metals to impart significant shifts on the reduction potentials of a 
proximal transition metal center. Additionally, the role of solvent and anion coordination in the 
screening of electrostatic interactions are established. 
 In Chapter 2, further studies are conducted with a nickel analogue of this heterobimetallic 
framework. Theoretical calculations are used to demonstrate the effect of electrostatics on the 
expanded molecular orbital manifold of metal Schiff base systems.  
xviii		
 In Chapter 3, a manganese complex is used to demonstrate the role of electrostatic 
interactions on reactivity. Extensive studies are carried out on the kinetic and thermodynamic 
considerations for the N-N coupling of Mn(V) nitrides, which showed that cationic charge is 
capable of stabilizing activated nitride species against bimolecular reactivity. The effect of 
proximal cations on ammonia oxidation and pKa are also explored.
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INTRODUCTION 
0.1 Electrostatic Interactions in Enzymes 
 The ability of enzymes to efficiently undergo difficult chemical transformations is a 
remarkable natural phenomenon, and understanding how these biological catalysts function 
is a crucial step towards harnessing their reactivity. It is becoming increasingly accepted 
that the role of electrostatic interactions is a predominant feature in the structure and 
function of enzymatic processes.1-3 The complex electrostatic architecture of enzymes is 
intricately designed to use solvent interactions,4-10 hydrogen bonding networks,11-15 and 
Lewis acidic metals16-18 that stabilize transition states and gently guide catalysis by 
avoiding high and low energy intermediates. Instances where the reactivity can be shut on 
and off by the presence or absence of electrostatic elements demonstrates the influence of 
these forces in governing the thermodynamics of enzymatic activity.16-17, 19-20 The 
universality of electrostatic interactions in the function of enzymes offers an opportunity 
for further scientific study, and could provide important insights into the design of synthetic 
complexes. 
 The Mn4CaO5 cluster in the oxygen-evolving complex (OEC) of the photosystem II 
enzyme (PSII) is widely known for its role in biological water oxidation. The discovery of 
the Mn4CaO5 core of the active site by X-ray crystallography21-22 has led to many studies 
investigating the role of this ion in the enzyme's activity. Several functions of Ca2+ have 
been proposed, including facilitation of electron tranfer,23-24 promotion of substrate 
binding,25 and structural modification of the cubane active site.26 Studies in which Ca2+ is 
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replaced with other metal ions have shown that only Sr2+ is able to approach similar 
activity.27-29 The development of synthetic manganese oxido cubane complexes by Agapie 
that closely mimicked the active site of PSII allowed for more detailed studies into the 
structure function relationship, which led to the discovery that substitution of Sr2+ results 
in an identical reduction potential of the cluster when compared to Ca2+.30-31 Other metals 
led to significant changes in reduction potential, a possible indication of the importance of 
redox mediation by the presence of the appropriate ion. Findings by Borovik showed that 
Ca2+ and Sr2+ metal ions in heterobimetallic manganese complexes greatly assisted in the 
facilitation of electron transfer in the reduction of dioxygen.32-33 The modulation of 
reduction potentials was again attributed as an important role of these ions, and the authors 
 
Figure 0.1 Left: Mn4CaO5 cluster and its ligand environment, with Manganese (purple 
spheres), calcium (yellow sphere), oxygen (red spheres), oxygen (orange spheres), and 
surrounding residues; Reproduced from ref. 22 with permission from Springer Nature. 
Right: The 3–7 Å size model systems for HDAC8 from nuclear configuration 2, with zinc (white 
sphere); potassium (purple sphere), oxygen (red spheres), nitrogen (blue spheres), substrate (subs), 
and surrounding residues. Reproduced from ref. 37 with permission from the Royal Society of 
Chemistry. 
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also highlighted the observation that Lewis acidity alone did not account for the behavior 
of these complexes. 	 
 A noteworthy case study in the importance of electrostatic interactions in enzymatic 
activity is in the role of potassium in the activation and inhibition of reactivity in Histone 
Deacetylase 8 (HDAC8), which plays an important role in post-translational modification 
during the biosynthesis of proteins.34 The zinc active site of this enzyme incorporates a  
bound water molecule that acts as a nucleophile to facilitate amide bond cleavage with its 
target substrate.19-20 Crystallographic studies revealed the presence of K+ at a distal metal 
binding site at a distance of 7 Å from Zn2+.35-36 Simulated studies showed that K+ has a 
crucial role in substrate binding and transition state stabilization during several mechanistic 
steps, and the absence of the cation resulted in deactivation of the enzyme.20 The remote 
location of K+ precludes its direct interaction with substrate or the Zn2+ active site, which 
poses the question of how exactly this ion participates in the catalytic cycle. Quantitative 
mapping of the electrostatic potential around the active site revealed that the location of the 
K+ cofactor is precisely placed to provide the necessary charge density for substrate binding 
and electron transfer to occur.37 These findings provide evidence for the careful 
consideration of electrostatic preorganization in the evolution of protein architecture. 
0.2 Electric Fields Directing Chemical Reactivity   
 There are a wide number of possible applications of electrostatic interactions 
towards chemical reactivity, and their powerful potential as a synthetic tool is becoming 
increasingly recognized.38-39 The use of electrostatic fields to direct substrate binding, 
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stabilize transition states, and activate chemical bonds would vast implications in synthetic 
chemistry, but historically very few examples exist outside of theoretical discussion.38 
However, the past decade has seen a renaissance in this field, and electrostatic interactions 
have been utilized for a diverse range of  purposes.  
 The generation of electrostatic fields on surfaces has led to a number of interesting 
findings in recent years. Charged electrode surfaces can produce large electrostatic fields in 
the double layer without participating in faradaic processes, which has been used to increase 
chemoselectivity of surface-bound Rh porphyrin catalysts.40 Nanostructured gold and 
palladium electrodes are able to concentrate alkali cations in the double layer during 
electrocatalysis, leading to major enhancements in CO2 reduction.41 Electric fields in zeolite 
nanopores6 can be produced either by the application of a potential or incorporation of 
charged species, leading to positive effects on reactivity such as the stabilization of high 
energy intermediates42 and increases in product selectivity.43 A number of studies using 
STM tips has shown that oriented external electrostatic fields can be used to initiate chemical 
reactions,44 such as the isomerization of azobenzene45 and alkoxyamine cleavage.46 A 
fascinating example of recent work in this area demonstrated the acceleration of single 
molecule Diels Alder reactions by directing electron transfer from the dienophile to the diene 
with electric fields,47 providing experimental confirmation of previous theoretical 
predictions.48 These results highlight a powerful application of electrostatic fields in 
chemical reactivity: that field alignment with the direction of charge movement in a 
transition state can lower the barrier to electron transfer. 
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 The emergence of electrostatic interactions in molecular reactivity has also proved 
their utility as a means of promoting desirable outcomes in synthesis and catalysis and have 
been applied to widely known transformations such as palladium cross coupling,49 Wittig 
rearrangement,50 and Friedel-Crafts hydroxyacylation.51 One of the most established uses of 
electrostatics is in the promotion of stereoselectivity.50-61 Molecules containing a net dipole 
will respond to an electric field by aligning in the same direction, and the installation of 
charged functional groups or metal ions can impart internal fields to exploit this 
phenomenon. This effect is particularly applicable to fluorine chemistry in pharmaceutical 
development, where enantioselectivity is vital to the activity of bioactive molecules. The 
polarity of C–F bonds are highly polarized, and the use of electrostatic interactions to 
promote enantioselectivity has been demonstrated by Hoveyda55 and Rovis.57, 62 Various 
uses of electrostatic functionalities have been employed in transition metal catalysis as 
well.49, 61, 63-64 Smith has demonstrated the use of weak interactions between bipyridine 
ligands and substrate to direct regioselectivity in the ortho-borylation of phenols.61 Similar 
regioselectivity has been shown by Kanan in gold-catalyzed hydroarylations, this time 
through the use of strong ion pairing rather than substrate or catalyst functionalities.64 
0.3 Crown Ether Appended Bimetallic Complexes 
 The synthesis and development of crown ethers and similar macrocycles for metal 
ion chelation is a rich field of chemistry, and a vast number of variations of these compounds 
have been reported.65-66 Naturally, inorganic chemists have been inspired by these 
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compounds to develop transition metal ligand frameworks with incorporated macrocyclic 
functionalities to house metal cations. A review by Miller classifies these bimetallic 
complexes into three groups: enchained, pendant, and bridging (Figure 0.2).67 Enchained 
crown complexes68-79 feature binding sites for both the transition metal and the cation within 
the same macrocycle, often within close proximity. Tethered complexes80-85 feature crown 
ether groups appended to the framework by a linkage and tend to be highly flexible. In the 
bridging class of compounds,86-91 a donor atom is shared between the transition metal and 
cation encapsulated by the crown ether. The installation of crown ethers and similar 
macrocycles has been applied to a diverse range of transition metal ligands, including 
porphyrins,92-96 salens,97-100 pincers,88, 101-103 and bipyridines.104-109 The utility of crown 
ether functionalities has been demonstrated in a number of ways. Lewis acid-assisted 
activation, in which cooperative binding occurs between the encapsulated cation and a 
transition metal, has been shown to increase reactivity towards polarized substrates such as 
 
 
Figure 0.2: Schematic representation of different metalla-crown ether designs; Reproduced 
from ref. 67 with permission from the Royal Society of Chemistry. 
 
 
 
 7 
 
carbonyl67-68 and acyl groups.68-69, 80, 85 Cation-substrate interactions have also been used to 
direct substrates towards transition metals to increase selectivity, demonstrated by Ito in the 
allylation of carbanions and β-diketones.110-111 A particularly creative approach to crown 
ether utility has been pioneered by Miller by using substoichiometric equivalents of cations 
to induce hemilability of transition metal donor atoms in bridging bimetallic complexes.88, 
112-113 These interactions have been shown to tune the thermodynamic stability of catalytic 
intermediates by introducing competitive binding of the crown ether ring. Occasional 
examples of the use of crown ethers to shift reduction potentials of transition metals have 
been observed historically,114-115 but this methodology is becoming more popular in recent 
years.103, 116 The use of macrocyclic crown ethers in metal complexes is not limited to the 
selected cases described here; other applications include conformational control117 of ligand 
binding and modification of solubility properties77 
0.4 Research Goals 
 The research described in this dissertation is an investigation into the nature of 
electrostatic interactions in inorganic complexes, and aims to understand how transition 
metal electronics and fundamental reactivity are affected by the presence of a proximal 
cation. The complexes used in these studies share a common framework, an enchained 
heterobimetallic salen-type ligand (salen = N,N-bis(salicylidene)ethylenediamine) with an 
enclosed crown ether substituent analogous to 18-crown-6 (Scheme 0.1). The synthesis of 
this ligand scaffold was developed previously by Reinhoudt, whose work focused primarily 
on structural studies and the incorporation of neutral hosts with nickel complexes.70-71, 100 
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Although a few examples of electrochemical and spectroscopic characterization are shown 
in this previous work, an in-depth analysis of these complexes, particularly with an expanded 
scope of metals,  provided an opportunity for further study.   
 Of particular interest was the application of proximal cations as a means of tuning 
the reduction potential of transition metal ions. The ability to adjust the reduction potential 
of a transition metal is an important synthetic handle in the design of catalysts, especially in 
the field of electrocatalysis. Typically, reduction potentials are modulated by appending 
electron-donating or -withdrawing groups onto a ligand. Disadvantages to this approach 
include the addition of steric bulk, solubility changes, and undesirable changes to the ligand 
field of a transition metal. The use of electrostatics offers an alternative method to control 
reduction potentials that can avoid or significantly diminish these side-effects. In the few 
previous observations of reduction potential shifts using cations (outlined in 0.1 and 0.2)  
have primarily focused on Lewis acidity, i.e. electronic modification through chemical 
Scheme 0.1: 
 
 
 
 
 
O
O
ON
O
O
ON = Co, Ni, Mn
= Na+, K+, Ca2+, Sr2+, 
Ba2+, Y3+, La3+, Eu3+
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bonds. The consideration of electrostatic interactions provides a broader context for cation 
effects on transition metal contexts that provides new insight into this type of modification. 
 By better understanding the nature of electrostatic interactions on a transition metal, 
this knowledge can then be applied towards reactivity of metal salens. These complexes are 
well studied and offer a rich platform for reactivity studies;118 examples included in this 
work are, C-H oxidation, dioxygen binding and reduction, and nitride activation and 
protonation. The motivation for studying cation-promoted electrostatic effects on the 
reactivity of salen compounds is to provide a powerful means of altering their reactivity with 
the hopes of inspiring further applications of this methodology in the fields of inorganic 
chemistry, electrocatalysis, and chemical synthesis. 
 Characterization of the described complexes was carried out using UV-Vis 
spectroscopy, infrared spectroscopy, mass spectrometry, nuclear magnetic resonance 
spectroscopy, elemental analysis, X-ray diffractometry, and electroanalytical methods.  
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CHAPTER 1 
ELECTROSTATIC EFFECTS ON THE ELECTRONIC 
STRUCTURE AND REDOX POTENTIALS OF COBALT SCHIFF 
BASE COMPLEXES BY REDOX INACTIVE CATIONS 	
										Portions	of	this	chapter	have	been	published:	Reath,	A.	H.;	Ziller,	J.	W.;	Tsay,	C.;	Ryan,	A.	J.;	Yang,	 J.	 Y.,	 Inorg.	 Chem.	2017,	56	 (6),	 3713-3718.	 Reproduced	with	 permission	 from	 the	American	Chemical	Society	
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1.1 Motivation and Specific Aims 
 Redox inactive Lewis acidic cations are thought to facilitate the reactivity of 
metalloenzymes and their synthetic analogues by tuning the redox potential and electronic 
structure of the redox active site.1-3 Electrostatic interactions, as opposed to inductive electronic 
effects through chemical bonds, are believed to play a predominant role.6  
 To explore and quantify electrostatic interactions in synthetic complexes, the synthesis and 
characterization of a series of tetradentate Schiff base ligands appended with a crown-like cavity 
incorporating a series of alkali and alkaline Lewis acidic cations (1M, M = Na(OTf), K(OTf), 
Ca(OTf)2, Sr(OTf)2, Ba(OTf)2,  Y(OTf)3,  La(OTf)3, Eu(OTf)3) and their corresponding CoII 
complexes (2CoIIM) are reported. Cyclic voltammetry of the 2CoIIM complexes shows that the 
CoII/I reduction potentials are shifted positive by approximately 130 mV in DMF, 150 mV in THF, 
and 170 mV in propylene carbonate per unit of cationic charge compared to Co(salen–OMe) 
(salen–OMe = N,N’-bis(3-methoxysalicylidene)-1,2-diaminoethane), which lacks a proximal 
cation and serves as a control for inductive ligands effects. The CoII/I redox potentials also correlate 
with the ionic radius7 and Lewis acidity of the encapsulated metal,4 although exceptions are 
observed in some cases. Electronic absorption and infrared spectra indicate the Lewis acid cations 
have a minor effect on the electronic structure of the CoII ion, which suggests the shifts in redox 
potential are primarily a result of electrostatic effects due to the cationic charge. 
1.2 Background 
 Non-redox active Lewis acidic metal cations play a key role in a diverse set of biological 
and synthetic transition metal complexes that mediate redox activity. In biological systems, the 
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Ca2+ ion found in the oxygen evolution complex (OEC) in Photosystem II is critical for water 
oxidation activity.10-19 In synthetic transition metal complexes, the presence of Lewis acidic 
metals are known to promote C-H oxidation,21 oxygen atom transfer,22-30 olefin hydrogenation,35 
and oxygen reduction36 reactions, as well as facilitate electron transfer reactions.37-39  
 One of the proposed roles that proximal redox inactive metal cations play in promoting 
reactivity is by tuning the redox potential of the reaction site. Redox tuning by incorporation of 
redox inactive cations has been reported in several synthetic systems including mono-4d,40 and 
multi-metallic manganese41-44 and triiron45 clusters incorporating Lewis acid cations through 
oxo-bridges. Additionally, pendant crown ethers encapsulating alkali or alkaline earth metals 
have been appended onto molybdenum,46 ferrocene,47-49 and iron pyridinediimine50 complexes. 
The shifts in the reversible redox potential denote a change in the absolute energy of the 
molecular orbital participating in electron transfer. This investigation explores how the Lewis 
acid cations engender this change. An inductive effect due to a modification of the ligand field 
would result in changes to the electronic structure (or relative energy of molecular orbitals) of the 
redox active cation. In contrast, an electrostatic effect would uniformly shift the molecular 
orbitals on the redox active metal due to the electric field potential of the proximal cation.  
 To elucidate the source of the change in redox potential due to adjacent Lewis acidic 
cations, we synthesized a series of cobalt(II) Schiff base complexes with an appended crown 
functionality containing a series of alkali, alkaline earth metal, and rare earth cations, shown as 
2CoIIM in Chart 1.1, (M = Na(OTf), K(OTf), Ca(OTf)2, Sr(OTf)2, Ba(OTf)2,  Y(OTf)3,  
La(OTf)3, and Eu(OTf)3). These compounds are well suited to investigate the nature of 
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electrostatic interactions in transition metal complexes. The ligand provides a cavity similar in 
size to 18-crown-6, and can enclose a variety of ions with minimal effect on the coordination 
geometry of the CoII ion. Within this framework, the CoII/I couple is reversible, allowing a direct 
handle on changes in redox potential. The similar ligand environments permit facile comparisons 
in electronic structure of the CoII ions due to the Lewis acid. The localization of the redox event 
at a single metal center instead of a cluster permits a more accurate calculation of an electrostatic 
effect. The shared phenoxide ligand between the CoII and Lewis acid cation is also relevant to the 
interaction between Mn and Ca2+ in the OEC. Additionally, redox inactive metal cations are 
known to play a role in synthetic water oxidation catalysts.51-54 
1.3 Heterobimetallic Complexes with Group I/II Cations 
1.3.1 Synthesis and Characterization  
 The Schiff base ligands 1M contain an alkali or alkaline earth metal cation in an 
appended ether pocket. Using a modified literature procedure,55 1Ba(OTF)2 was synthesized by 
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templating an ether linked dialdehyde with Ba(OTf)2, followed by condensation with 
ethylenediamine. 1Na(OTf), 1K(OTf), 1Ca(OTf)2, and 1Sr(OTf)2 were synthesized in a similar 
fashion using the appropriate metal triflate salt and purified by recrystallization. The synthesis of 
the trivalent 1M (Y(OTf)3,  La(OTf)3, and Eu(OTf)3) metalloligands required the use of an 
alternate procedure due to synthetic incompatibilities these strong Lewis acids with the 
dialdehyde precursor in the templating step. These complexes were synthesized via 1Ba(OTf)2 
followed by removal of Ba(OTf)2 with guanidine sulfate and  addition of the desired triflate 
salt.55-56 The 1M series was characterized by high-resolution mass spectrometry (HRMS) and 1H 
and 13C NMR spectroscopy, which are shown in the (Figures 1.9-1.21). There is a linear 
relationship between the size of the non-redox active cation7 and chemical shift of the phenolic 
protons in the 1H NMR spectra for the M+ and M2+ cations, illustrated in Figure 1.22, however 
this trend does not hold for the trivalent 1La(OTf)3, 1Y(OTf)3, or 1Eu(OTf)3. 
 The ionic radius7 of the templating alkali or alkaline earth cation has a significant effect 
on the synthetic accessibility of the 1M ligand series. 1K(OTf) is synthesized in the highest 
yield, while the yields for the other reported ligands decrease with larger or smaller cation sizes. 
The use of even smaller cations (Li+ or Mg2+) as a template did not result in the desired product. 
For ions too large to fit in the crown ether cavity (ionic radii >150 pm)7, such as Rb+ and Cs+, 
mass spectrometry suggests the formation of aggregates, presumably in stacked, sandwich-like 
structures with the metal ions coordinated between crown ether macrocycles (see Figure 1.32 for 
MS from the reaction with Cs(OTf)). Sandwich complexes of this type have been observed for 
similar complexes containing crown ether structures and large cations.57  
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 The CoII complexes 2CoIIM (where M = Na(OTf), K(OTf), Ca(OTf)2, Sr(OTf)2, 
Ba(OTf)2) were synthesized by refluxing the corresponding 1M ligand with one equivalent of 
Co(OAc)2 in methanol, followed by removal of solvent and acetic acid in vacuo. The identities of 
the compounds were confirmed using mass spectrometry and single crystal X-ray diffraction 
analysis, and the purities by elemental analysis. Co(salen–OMe) (salen–OMe = N,N’-bis(3-
methoxysalicylidene)-1,2-diaminoethane) was prepared for comparison with the 2CoIIM 
complexes.  Salen–OMe (N,N′-ethylenebis(3-methoxysalicylimine)  was synthesized according 
to a literature procedure,58 and metallation with Co(OAc)2 was based on a preparation of 
Co(N,N′-ethylenebis(3-methoxysalicylimine)).59  
1.3.2 Solid State Structures 
 Single crystals suitable for X-ray diffraction were grown by diffusion of diethyl ether into 
methanol solutions of the respective compounds. The solid state structures for the 2CoIIM triflate 
salts and Co(salen–OMe) are shown in Figure 1.1 The X-ray crystallographic data for 
2CoIINa(OTf) and 2CoIIK(OTf) had significant disorder. Higher quality structures of the 
analogous tetrafluoroborate salts for 2CoIINa(BF4) and 2CoIIK(BF4) are provided in the Figures 
1.33 and 1.34. In all of the heterobimetallic complexes, the counteranion(s) are bound to the M 
cation. In the case of 2CoIIBa(OTf)2, a molecule of methanol is coordinated to the Ba2+ cation 
along with two triflate anions, which form a symmetric bridge to another 2CoIIBa(OTf)2 
complex. The mass spectrum only has a peak consistent with the monomer, suggesting the dimer 
only exists in the solid state. As opposed to the rest of the series, which maintains a 4-coordinate  
			26 
  
	
 
Figure 1.1: Solid state structures of Co(salen−OMe), 2CoIINa(OTf), 2CoIIK(OTf), 
2CoIICa(OTf)2, 2CoSrII (OTf)2, and 2CoIIBa(OTf)2. Thermal ellipsoids are drawn to 
50% probability. Hydrogen atoms and outersphere anions and solvent molecules have 
been omitted for clarity. For Co(salen−OMe) and 2CoIISr(OTf)2, only one molecule 
of two in the asymmetric unit cell is shown. For 2CoIIK(OTf), 2CoIINa(OTf), and 
2CoIISr(OTf)2, only the major position of a disordered system is displayed. 
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geometry around the Co center, 2CoIICa(OTf)2 features an axially coordinated triflate anion, and 
the trivalent 2CoIIY(OTf)3, 2CoIILa(OTf)3, and 2CoIIEu(OTf)3 contain a combination of two 
axial triflates or methanol ligands. Selected crystallographic data is presented in Table 1.1  
1.3.3 Electrostatic Influence on Reduction Potential 
 The shift in reduction potential enacted by the cation was measured relative to Co(salen-
OMe), which served as an acceptable control compound due to the due to the similar inductive 
effects of the methoxy functional group to the crown ether moiety of the 2CoIIM complexes. In 
dimethylformamide, Co(salen–OMe) displays a reversible reduction at -1.72 V versus 
ferrocene/ferrocenium  (Figure 1.2, top, black trace), consistent with literature values for a CoII/I 
redox couple.60 The CoII/I couples of 2CoIIM are also reversible and display an anodic shift 
(more positive reduction potential) relative to Co(salen-OMe). The CoIII/II couples, while also 
Table 1.1: Selected crystallographic data for 2CoIIM. τ4 refers to the geometry index for 
four coordinate species, where 0 is ideal square planar and 1 is ideal tetrahedral geometries. 
τ5 refers to the geometry index for five coordinate species, where 0 is ideal square pyramidal 
and 1 is ideal trigonal bipyramidal	Complex	 Co×××M(Å)	 Geometry	index,	Co(II)	ion		
Co(salen–OMe)	 --	 τ4 = 0.0303	
2CoIIK(OTf)	 3.6694(1)	 τ4 = 0.1148	
2CoIINa(OTf)	 3.338(5)	 τ4 = 0.0295	
2CoIIBa(OTf)2	 3.7045(2)	 τ4 = 0.1113	
2CoIISr(OTf)2	 3.6078(4)	 τ4 = 0.0622	
2CoIICa(OTf)2	 3.3578(4)	 τ5	=	0.0748	
2CoIIY(OTf)3	 3.3153(3)	 --	
2CoIILa(OTf)3	 3.4509(4)	 --	
2CoIIEu(OTf)3	 3.5666(6)	 --		
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accessible by voltammetric methods, displayed poor electron transfer kinetics in the 2CoIIM 
species, which made precise measurements of these potentials difficult. Titrations of 
2CoIINa(OTf), 2CoIICa(OTf)2, and 2CoIIBa(OTf)2 with an excess of the corresponding metal 
triflate salt indicate that equilibrium effects due to cation dissociation do not have a significant 
role in the observed reduction potential shifts (Figures 1.23-1.25). 
A correlation can be established between the shift in the CoII/I reduction potential and the 
Lewis acidity of the encapsulated ion (Table 1.6),4 similar to the effect observed by 
metalloclusters incorporating redox inactive cations.41-45 Previous studies incorporating alkali 
and alkaline earth metal cations into Schiff base complexes with Cu, Ni, and Zn display anodic 
shifts of similar magnitudes in the reduction potential.61-63 In these studies, changes in reduction 
potential were attributed to inductive effects from the Lewis acid,64-65 in which the electron 
Complex pKa of 
M(OH2)(aq.)4 
Ionic radius of 
M, 6-coordinate 
(Å)7 
2CoIIK(OTf) 16.25a 1.38 
2CoIINa(OTf) 14.77b 1.02 
2CoIIBa(OTf)2 13.36b 1.35 
2CoIISr(OTf)2 13.18b 1.18 
2CoIICa(OTf)2 12.60b 1.00 
2CoIIY(OTf)3 9.10c 1.04 
2CoIILa(OTf)3 10.1c 1.032 
2CoIIEu(OTf)3 8.03c (Eu3+) 0.947 
 
Table 1.2: Left: Lewis acidity values for the corresponding M species in 2CoIIM, 
measured as the pKa of the metal hydroxide salt.4 aMeasured electrometrically in cells 
containing Ag/AgCl with hydrogen electrodes. bCalculated through vapor pressure 
measurements of an aqueous solution. cMeasured from pH changes during titrations using 
glass electrodes. Right: Ionic radii of relevant metal ions in 2CoIIM.7 
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density of the transition metal is affected in a through-bond fashion via the molecular orbital 
manifold of its ligand framework. However, notable examples exist in which differences in 
Lewis acidity does not lead to a change in reduction potential of a nearby transition metal, 
including 2CoIIK(OTf) and 2CoIINa(OTf) in this work and between Ca2+ and Sr2+ in Mn 
metalloclusters.41-42 	
 	
 
Figure 1.2: Cyclic voltammograms of the reversible CoII/I redox couples of 
Co(salen−OMe) and 2CoM (M = Na(OTf), K(OTf), Ca(OTf)2, Sr(OTf)2, Ba(OTf)2,  
Y(OTf)3,  La(OTf)3, Eu(OTf)2) in DMF (top), THF (middle), and propylene carbonate at 
100 mV/s under an N2 atmosphere in 0.1 M TBAPF6 as a supporting electrolyte. Current 
values have been normalized for better visual comparison. The EuIII/II couple of 
2CoEu(OTf)3 can be observed at 0.845 V in propylene carbonate. 
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Figure 1.3: Top: Shift in CoII/I reduction potential versus the charge of the encapsulated cation 
(in elementary charge) divided by the Co–M distance in angstroms. This relationship should be 
linear according to classical electrostatics (Eq. 1). Bottom: Shift in CoII/I reduction potential 
versus the Lewis acidity of the encapsulated metal. See Table 1.6 for more information on the 
Lewis acidity measurements. 		
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Table 1.3: Compiled electrochemical data from cyclic voltammetric measurements of 2CoIIM.  
aEuropium acts as an M2+ ion on the CoII/I reduction potential of 2CoEu(OTf)3 due to the EuIII/II 
reduction at -0.85 V. 
bGutmann Donor Numbers determined through thermodynamic calculations based on NMR 
shifts of Lewis acids.5 A larger donor indicates a stronger coordination ability towards Lewis 
acids. 5, 8 
cCoordination power measured on the basis of 10Dq values for NiII ions and are established by 
the logarithmic coordinating ability relative to acetonitrile, where a larger value indicates 
stronger binding).9 
d aTM determine through a structural database search of solvent-bound transition metals and 
calculated using the equation aTM =log(c+s)/u, where c = coordinated solvent, s = semi-
coordinated solvent, and u = uncoordinated solvent.20 
e aLa determined through identical means as aTM using lanthanide complexes.20 
	
 
DMF THF Propylene Carbonate 
Complex E1/2 CoII/I 
(V) 
ΔE 
(V) 
E1/2 CoII/I 
(V) 
ΔE 
(V) 
E1/2 CoII/I 
(V) 
ΔE 
(V) 
Co(salen–OMe) -1.71 -- -1.75 -- -1.69 -- 
2CoIIK(OTf) -1.58 0.13 -1.64 0.11 -1.54 0.18 
2CoIINa(OTf) -1.58 0.13 -1.63 0.12 -1.51 0.15 
2CoIIBa(OTf)2 -1.48 0.23 -1.42 0.33 -1.35 0.34 
2CoIISr(OTf)2 -1.44 0.27 -1.41 0.34 -1.33 0.36 
2CoIICa(OTf)2 -1.41 0.30 -1.39 0.36 -1.29 0.40 
2CoIIY(OTf)3 -- -- -1.29 0.46 -1.15 0.54 
2CoIILa(OTf)3 -- -- -1.28 0.47 -1.17 0.52 
2CoIIEu(OTf)3(a) -- -- -- -- -1.37 0.32 Solvent	Dielectric	Constant31-34 39.9 8.2 64.9 Gutmann	Donor	Number(b)	(kcal/mol) 26.6 20.05 15.1 Coordination	power(c)	 0.72	 --	 -0.77	aTM(d)	 -0.2	 -0.3	 --	aLa(e)	 0.8	 0.4	 --	
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 One explanation for the anodic shifts in redox potential is through an electric field 
potential imposed by the non-redox active cation. An electrostatic effect has been cited as the 
source of redox potential shifts in other heterobimetallic complexes.47-49, 66-67 On a macroscopic 
scale, the electric field potential (ΔE, in V) enacted by a point charge q (C) is described by Eq 1, 
where r is the distance from the point charge to a reference and ϵ is the dielectric constant 
between them. 
(Eq 1)            ∆" =	 %&'() 
 Using this relationship, the expected shift in reduction potential experienced by 2CoIIM 
should be a function of the charge of M (1.602 x 10-9 C per unit of charge) and the Co–M 
distance. The distance r can be approximated sing the crystallographic metal-metal distance, 
assuming the solid-state data is an accurate representation of the solvated complex. An 
electrostatic interaction would explain the identical redox potentials observed for 2CoIIK and 
2CoIINa. Although there is a difference in Lewis acidity between the monocations,4, 63 the 
distance between CoII and K+ or Na+ is nearly the same, resulting in essentially the same 
electrostatic potential on CoII (Table 1.2). The redox potentials of the dications trends with the 
Lewis acidity4 of M, but the Lewis acidity is also directly related to the ionic radii of M7 (and 
therefore Co–M distance). The latter is reflected in changes in r due to the size of M. An 
electrostatic effect has been cited as the source of redox potential shifts in other heterobimetallic 
complexes.47-49, 66-67 A further assumption is that the dielectric constant, ϵ is accurately represented 
by the solvent dielectric.  
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 In order to better understand the role of solvent effects on the interaction between the 
Lewis acid cation and transition metal center, the reduction potentials of the 2CoIIM complexes 
were measured in dimethylformamide (DMF), tetrahydrofuran (THF), and propylene carbonate 
(PC). The dielectric constant for these three solvents are 39.9, 8.2, and 64.9, respectively (Table 
1.2). If the dielectric between the cation and redox-active metal were accurately represented by 
the solvent dielectric, the largest potential shifts would be expected in THF (poor charge 
screening), followed by DMF and PC.  
In dimethylformamide, the anodic shift of the CoII/I reduction potential relative to 
Co(salen-OMe) is 130 mV for the monocationic complexes ((M = Na(OTf), K(OTf))and 230-
300 mV for the dicationic complexes (M = Ca(OTf)2, Sr(OTf)2, Ba(OTf)2) averaging 130 mV 
per unit of charge on M. Reduction potentials for the trivalent 2CoIILa(OTf)3, 2CoIIY(OTf)3, or 
2CoIIEu(OTf)3 were unable to be measured accurately in dimethylformamide due to solvent 
incompatibilities, possibly due to the presence of dimethylamine, a known thermal 
decomposition product of DMF that can coordinate with lanthanides.68-70  In THF, the magnitude 
of the shift in reduction potential is notably larger, and although the monocationic 2CoIINa(OTf) 
and 2CoIIK (OTf) undergo reduction at more negative potentials than expected, the average 
ΔE1/2 increases by 150 mV per unit of charge of M. In propylene carbonate, the average shift in 
the CoII/I reduction potential is even further augmented to 170 mV per unit of charge on M. 
2CoIIEu(OTf)3 is noteworthy due to the accessible reduction potential of EuIII/II, which occurs at 
more positive potentials than the CoII/I couple; consequently, its interaction with the cobalt 
reduction is as a dication. Cyclic voltammetry experiments of 2CoIIEu(OTf)3 and 1Eu(OTf)3 
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show that the reduction potential of the EuIII/II couple is not affected by the presence of cobalt 
(Figure 1.27) 
 The observed magnitude of the reduction potential shift does not support the conclusion 
that solvent dielectric constant is primarily responsible for electrostatic screening between Co 
and the encapsulated cation (Table 1.2). Solvent dielectric constants are a macroscopic 
measurement indicative of the long-range screening of charge due to solvent molecule 
	
Figure 1.4: Electrochemical data from the titration of tetrabutylammonium chloride with various 
CoIIM complexes. Cyclic voltammetry was conducted in dimethylformamide unless otherwise 
noted at 100 mV/s. Y-axis represents change in CoII/I reduction potential versus measurement at 
0 equivalents TBACl. Individual titrations are shown in Figures 1.27-1.31. 	
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rearrangements; consequently, the same phenomena are likely not directly applicable to the 
angstrom-scale distances involved in the calculation of the electric potential in this case. 
Instead, the degree of electrostatic screening is more closely correlated with the coordination 
ability of the solvent. Considering the interaction between a solvated metal complex and the 
surrounding solvent sphere, a more coordinating environment should result in a larger degree of 
electric charge screening due to polarization of the nearby solvent molecules. Because solvent 
can interact with either the Co or M species in 2CoIIM, both metals must be considered. 
Although solvents differ in their relative coordination strength depending on the acceptor (e.g. 
transition metals or a Lewis acid cation),20 the most relevant benchmarks (Table 1.2) indicate that 
DMF is the most highly coordinating solvent in all cases, and that THF is more coordinating than 
PC to main group Lewis acids. These findings appear to indicate that solvent donor ability is 
primarily responsible for electric potential screening in the short-range electrostatic interaction 
between Co and M. 
 In addition to solvent interactions, the role of anion coordination in the mediation of 
electrostatic potentials in the 2CoIIM series was also of interest. Chloride anions were expected 
to have a significant effect due to their high affinity for group I/II metals and lanthanides.71 
Subsequent experiments were conducted by titrating equivalents of tetrabutylammonium 
chloride into a solution of 2CoIIM (M = K(OTf), Ba(OTf2) La(OTf)3, Y(OTf)3) and Co(salen-
OMe) containing a 100-fold excess of tetrabutylammonium hexafluorophosphate supporting 
electrolyte (Figures 1.4 and 1.27-1.31). Compared to Co(salen-OMe), the effect of chloride 
equivalents results in an increasingly large negative shift in reduction potentials with increasing 
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charge (K+ < Ba2+< La3+). As mentioned above, 2CoIIM3+ do not have ideal electrochemical 
behavior in DMF, which is noted in consideration of the 2CoIILa3+ data in Figures 1.4 and 1.30. 
To provide supporting evidence of the chloride interaction with the trivalent species, the 
analogous titration of 2CoIIY3+ in PC is also displayed. These results of these experiments 
demonstrate that the presence of the more coordinating chloride anions20 contribute to the 
quenching of the electrostatic potential effects observed by the CoII center. The nature of the 
interaction of the chloride anion cannot be stated conclusively. One explanation is that the 
presence of this hard anionic species in close proximity to either metal is in direct opposition to 
the positive electrostatic field generated by M. Another possibility is that the chloride anion 
interacts directly with cobalt, which would alter the metal geometry and change the frontier 
molecular orbital energies. UV-vis spectroscopy shows changes to the electronic transitions of 
2CoIILa(OTf)3 upon addition of tetrabutylammonium chloride (Figure 1.36), but no changes are 
observed for CoII(salen-OMe) (Figure 1.35). The changes observed for 2CoIILa(OTf)3 could 
indicate chloride binding at the cobalt center, but the lack of any effects on the reduction 
potential or electronic spectra of CoII(salen-OMe) indicates that this interaction is enabled by the 
presence of the cation. Crystallization of the product of the reaction of tetrabutylammonium 
chloride with 2CoIILa(OTf)3 have not yielded data of sufficient quality for determining identity. 
1.3.4 Electronic and Infrared Spectroscopy 	 In order to learn more about the effects of M on the electronic structure of the CoII center, 
the compounds were examined by electronic absorption and infrared spectroscopy. The 
electronic absorption spectra in dimethylformamide are shown in Figure 1.5 and Table 1.3. The 
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absorption spectrum of Co(salen–OMe) exhibits πàπ* and dàπ* (MLCT) transitions72-73 at 360 
nm and 415 nm, respectively. The πàπ* band is partially obscured in 2CoIIM, but a slight red 
shift (£ 15 nm) is observed for dicationic 2CoIICa(OTf)2, 2CoIISr(OTf)2, and 2CoIIBa(OTf)2. 
The molar absorptivity for the dàπ* charge transfer band in 2CoIIK(OTf) and 2CoIINa(OTf) is 
comparable to Co(salen–OMe) for this transition, while for 2CoIICa(OTf)2, 2CoIIBa(OTf)2, and 
2CoIISr(OTf)2 it has significantly lowered absorptivity.  Co(salen–OMe) also has an absorption 
at 480 nm; this peak is likely obscured in the 2CoIIM spectra by more intense neighboring 
absorptions. However, the second dàd transition at 555 nm for Co(salen–OMe) is present in 
2CoIIM, with a minor red shift of 10 nm and 25 nm for the monocationic versus dicatonic 
complexes, respectively. Although the changes in the absorption spectra indicate M has some  	
	
Figure 1.5: UV-Vis spectra of 2CoIIM complexes in dimethylformamide. The 
trivalent species 2CoIIY(OTf)3, 2CoIILa(OTf)3, and 2CoIIEu(OTf)3 were not 
measured due to previously observed solvent incompatibilities in DMF. 	
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influence on the ligand field around the CoII ion, the overall effect appears minimal compared to 
the changes in redox potential.  
 In propylene carbonate (Figure 1.6 and Table 1.4), the trivalent species (M = La(OTf)3, 
Y(OTf)3, and Eu(OTf)3) were also able to be examined. While the mono- and dicationic 2CoIIM 
again display similar behavior in PC as observed in DMF, the CoIIM3+ absorptions deviate from 
the rest of the series. The πàπ* transitions of the trivalent species exhibit a blue shift of 
approximately 20 nm relative to the rest of the series. Similarly, the dàπ* transition also shift to 
higher energies by approximately 30 nm. The dàd transitions for the monocationic complexes 
display a blue shift of approximately 10 nm, similar to those observed in DMF. However, the 
dicationic species shift to higher energies by nearly 35-40 nm, and the tricationic variants shift 
by 45-55 nm. In the electrochemical studies described in section 1.3.3, it was shown that DMF 
	
	
Figure 1.6: UV-Vis spectra of 2CoIIM complexes in propylene carbonate. 	
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has a significant inhibiting effect on the electrostatic interactions between Co and M. These 
results could be indicative of a similar phenomenon regarding perturbations to the electronic 
structure of the 2CoIIM complexes. The trivalent species in particular show significant changes 
in the absorption energies of the ligand-based transitions, which is likely indicative of 
interactions between the encapsulated cation and the extended pi system of the Schiff base ligand 
framework. 	
Table 1.4: UV-Vis data for 2CoIIM complexes in dimethylformamide. The trivalent 
species 2CoIIY(OTf)3, 2CoIILa(OTf)3, and 2CoIIEu(OTf)3 were not measured due 
to previously observed solvent incompatibilities in dimethylformamide.	
Complex λdàd, DMF, nm 
(ε, M-1cm-1) 
λπàπ*, DMF, nm 
(ε, M-1cm-1) 
λdàπ*, DMF, nm 
(ε, M-1cm-1) 
Co(salen–OMe) 555 (790) 362 (12571) 415 (10863) 
2CoIIK(OTf) 545 (767) 360 (12064) 415 (10251) 
2CoIINa(OTf) 545 (634) 360 (10233) 415 (8758) 
2CoIIBa(OTf)2 530 (979) 350 (8389) -- 
2CoIISr(OTf)2 530 (1012) 345 (9808) -- 
2CoIICa(OTf)2 530 (881) 355 (9198) 415 (6045) 
Table 1.5: UV-Vis data for 2CoIIM complexes in propylene carbonate.	
Complex λdàd, PC, nm 
(ε, M-1cm-1) 
λπàπ*, PC, nm (ε, 
M-1cm-1) 
λdàπ*, PC, nm (ε, 
M-1cm-1) 
Co(salen–OMe) 560 (274) 362 (6158) 415 (5585) 
2CoIIK(OTf) 552 (698) 361 (7123) 411 (6280) 
2CoIINa(OTf) 550 (558) 362(11247) 411 (10006) 
2CoIIBa(OTf)2 524 (793) 355 (10830) 401 (8901) 
2CoIISr(OTf)2 525 (801) 349 (6474) -- 
2CoIICa(OTf)2 521 (649) 351 (7773) 393 (6536) 
2CoIIY(OTf)3 505 (1396) 361 (12105) 336 (12027) 361 (11256) 
2CoIILa(OTf)3 505 (1397) 362 (11852) 342 (12358) 383 (10907) 
2CoIIEu(OTf)3 517 (683) 332(13166) -- 	
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 The solid-state infrared spectra of 2CoIIM were 
taken to compare the electronic environments of the 
cobalt center. The vibrational frequency of the imine 
C=N bond for 2CoIIM increases slightly with the 
Lewis acid strength of M (Figure 1.7 and Table 1.5) 
and is correlated with the CoII/I reduction potential 
(Figure 1.8). The cause of the dependence of the C=N 
stretching frequency on reduction potential could be 
due to pi-backbonding interactions as well as a 
vibrational Stark effect generated by the electrostatic 
field.74 
Table 1.6: Infrared frequencies of the 
C=N stretch for 2CoIIM complexes. 
Complex ν(C=N) 
(cm-1) 
Co(salen–OMe) 1535 
2CoIIK(OTf) 1544 
2CoIINa(OTf) 1546 
2CoIIBa(OTf)2 1548 
2CoIISr(OTf)2 1552 
2CoIICa(OTf)2 1557 
2CoIIY(OTf)3 1565 
2CoIILa(OTf)3 1560 
2CoIIEu(OTf)3 1561 
	
	
 
Figure 1.7: Overlaid infrared spectra of the C=N stretching frequency of 2CoIIM 
complexes.  
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1.4 Conclusions  
 Based on the spectroscopic studies and calculated electrostatic effect of the alkali and 
alkaline earth metal cations, the anodic shift in the redox potential in 2CoIIM compared to 
Co(salen–OMe) can largely be attributed to an electrostatic field potential. An inductive effect 
through the shared phenoxide ligand appears to play a smaller role. Evidence that solvent and 
anion interactions play an inhibiting role similar to long-range solvent dielectric screening 
provides further understanding of the behavior of electrostatic fields within molecular complexes.  
 These results highlight how cations can contribute to tuning the potential of redox-active 
centers through the parameters of distance and charge. Redox potentials of synthetic transition 
metal complexes are most commonly tuned by incorporating electron donating or withdrawing 
functionalities into the ligand. As a result, changes in the free energy for electron transfer are 
coupled to changes in the electron density of the redox active site. This study indicates cations in 
	
Figure 1.8: Infrared frequency of the C=N stretch vs. reduction potential of 2CoIIM 
complexes in propylene carbonate. Due to the EuIII/II reduction, the IR frequency of 
2CoIIEu(OTf)3 aligns with the trivalent species while its reduction potential aligns with the 
divalent species. 
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the secondary coordination sphere can adjust the redox potential without significantly affecting 
the electronic structure at the redox active site. The decoupling of free energy and electronic 
structure points to their utility in mediating redox reactivity. Additionally, this work demonstrates 
that the use of electrostatic interactions can provide a means of modulating reduction potentials 
without changing steric bulk or solubility properties.  
1.5 Experimental Details 
General Considerations: For synthesis containing air and moisture sensitive reagents or 
products, manipulations were carried out in a glovebox or using standard Schlenk techniques 
under an inert atmosphere of nitrogen. Unless otherwise noted, all experiments were carried out 
at room temperature (21-24 °C). All solvents used were degassed by sparging with argon and 
dried by passing through columns of neutral alumina or molecular sieves. Deuterated acetonitrile 
was purchased from Cambridge Isotopes Laboratories, Inc. and was degassed and stored over 
activated 3 Å molecular sieves prior to use. Reagents were purchased from commercial vendors 
and used without further purification unless otherwise noted. 3,3'-(((ethane-1,2-
diylbis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(2-hydroxybenzaldehyde) was synthesized 
according to a literature preparation55 with the following modification. The crude product was 
purified by silica gel column chromatography using a ratio of ethyl acetate to hexanes of 1:1 that 
progressed to a ratio of 2:1. 
Physical Methods: NMR spectra were taken on a 500 MHz Bruker Avance GN500 (1H) with a 
BBO probe or on a 500 MHz Bruker DRX500 spectrometer fitted with a TCI cryoprobe (13C) at 
20 °C. Electrospray ionization mass spectrometry was performed using an ESI LC-TOF 
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Micromass LCT 3 mass spectrometer. Elemental analysis was taken on a PerkinElmer 2400 
Series II CHNS elemental analyzer. Infrared (IR) absorption measurements were taken as thin 
films or compressed solids on a Thermo Scientific Nicolet iS5 spectrophotometer with an iD5 
ATR attachment. UV-Vis spectra were collected in dimethylformamide solution using an Agilent 
Technologies Cary 60 UV−Vis.  
X-ray Crystallography. X-ray diffraction studies were carried out at the UCI Department of 
Chemistry X-ray Crystallography Facility on a Bruker SMART APEX II diffractometer. Data was 
collected at 88 or 133 K using Mo Ka radiation (λ = 0.71073 Å). A full sphere of data was collected 
for each crystal structure.  The APEX275 program suite was used to determine unit-cell parameters 
and to collect data. The raw frame data were processed and absorption corrected using the 
SAINT76 and SADABS77 or TWINABS78 programs, respectively, to yield the reflection data files. 
Structures were solved by direct methods using SHELXS and refined against F2 on all data by full-
matrix least squares with SHELXTL. All non-hydrogen atoms were refined anisotropically other 
than the exceptions described below. For all compounds except for 2CoIICa(OTf)2 and 
2CoIIBa(OTf)2, hydrogen atoms were placed at geometrically calculated positions and refined 
using a riding model, and their isotropic displacement parameters were fixed at 1.2 (1.5 for methyl 
groups) times the Ueq of the atoms to which they are bonded. For 2CoIICa(OTf)2 and 
2CoIIBa(OTf)2, hydrogen atoms were located in the difference map and their positions and 
displacement parameters were refined freely. Additional refinement details for individual 
structures are described below. 
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Refinement details for 2CoIINa(OTf): This structure exhibited whole-molecule disorder 
and was refined as a two-component disorder using partial site-occupancy factors. The thermal 
parameters of one nitrogen atom in the major part (N2) necessitated isotropic refinement. The 
entire triflate anion was also disordered and was also refined as a two-component disorder using 
partial site-occupancy factors on a separate free variable. CheckCIF reports one level B alert 
(PLAT201_ALERT_2_B) due to the isotropic displacement parameters for N2. As mentioned 
above, this atom is part of a disordered molecule and required isotropic refinement. 
Refinement details for 2CoIINa(BF4): This structure was refined as a two-component twin. 
Two atoms (C19 and C20) were disordered and were refined as a two-component disorder using 
partial site-occupancy factors. CheckCIF reports one level B alert (PLAT410_ALERT_2_B) due 
to a short intramolecular H-H contact between H18B (on C18) and H19D (on C19). This is likely 
due to the fact that two sets of hydrogen positions were calculated for C19 while only one set was 
calculated for the nearby C18. 
Refinement details for 2CoIIK(OTf): This structure contained a significantly disordered 
triflate anion bound to the potassium center, which was refined over two conformations (η1 and 
η2) using partial site-occupancy factors and an idealized fragment geometry (FRAG). The thermal 
parameters of the triflate anion were refined isotropically. Free refinement of the triflate geometry 
and/or anisotropic refinement of its ellipsoids did not materially change any bond lengths or angles 
of interest. CheckCIF reports three level B alerts: DIFMX01_ALERT_2_B and 
PLAT097_ALERT_2_B due to large residual electron density near the disordered triflate and 
PLAT201_ALERT_2_B due to the isotropic displacement parameters for the disordered triflate 
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anion. As mentioned above, the triflate anion was highly disordered and already modeled over two 
conformation; it was not deemed appropriate to model any further disorder. 
Refinement details for 2CoIIK(BF4): This structure has three molecules in the asymmetric 
unit, one of which features a disordered tetrafluoroborate anion bound to the potassium center. The 
fluorine atoms of the disordered BF4 were refined as a two-component disorder using partial site-
occupancy factors and its thermal parameters were refined isotropically. CheckCIF reports one 
level B alert (PLAT201_ALERT_2_B) due to the isotropic displacement parameters for the 
aforementioned disordered fluorine atoms. 
Refinement details for 2CoIISr(OTf)2: This structure contained two disordered triflate 
anions, each bound to one strontium center. The fluorine atoms of each disordered OTf - anion 
were refined as two-component disorders using partial site-occupancy factors on separate free 
variables, and their thermal parameters were refined isotropically. CheckCIF reports two level B 
alerts: PLAT201_ALERT_2_B due to the isotropic displacement parameters for the 
aforementioned disordered fluorine atoms, and PLAT971_ALERT_2_B due to a residual electron 
density peak of 2.77 e-/Å3 0.86 Å from the strontium center. 
Refinement details for 2CoIIBa(OTf)2: CheckCIF reports one level B alert 
(PLAT391_ALERT_3_B) due to an unusual H-C-H angle on a methyl moiety (119° instead of 
109° on C24). This is likely due to the hydrogen atom positions being found in the difference map 
and refined freely. 
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 Refinement details for Co(salen-OMe): CheckCIF reports one level B alert 
(PLAT112_ALERT_2_B) due to ADDSYM detecting a possible new C2 symmetry element; this 
was determined to be the result of pseudosymmetry. 
 Refinement details for 2CoIIY(OTf)3: CheckCIF reports no alerts for level B or higher. The	structure	was	solved	by	direct	methods	and	refined	on	F2	by	full-matrix	least-squares	techniques.		The	analytical	scattering	factors79	for	neutral	atoms	were	used	throughout	the	analysis.		Hydrogen	atom	H(7)	was	located	from	a	difference-Fourier	map	and	refined	(x,y,z)	with	d(O-H)	=	0.85Å.		The	remaining	hydrogen	atoms	were	included	using	a	riding	model.		There	 was	 one	molecule	 of	 methanol	 solvent	 present.	 	 The	 solvent	was	 disordered	 and	included	using	multiple	components	with	partial	site-occupancy-factors.	
 Refinement details for 2CoIIEu(OTf)3: CheckCIF reports no alerts for level B or higher. The	structure	was	solved	by	direct	methods	and	refined	on	F2	by	full-matrix	least-squares	techniques.		The	analytical	scattering	factors5	for	neutral	atoms	were	used	throughout	the	analysis.		Hydrogen	atom	H(7)	was	located	from	a	difference-Fourier	map	and	refined	(x,y,z	and	Uiso)	with	d(O-H)	=	0.85Å.		The	remaining	hydrogen	atoms	were	included	using	a	riding	model.		There	was	one-half	molecule	of	diethyl	ether	solvent	present.		Several	atoms	were	disordered	and	included	using	multiple	components	with	partial	site-occupancy-factors.		 Refinement	details	for	2CoIILa(OTf)3: CheckCIF reports no alerts for level B or higher. The	structure	was	solved	by	direct	methods	and	refined	on	F2	by	full-matrix	least-squares	techniques.		The	analytical	scattering	factors5	for	neutral	atoms	were	used	throughout	the	analysis.		Hydrogen	atom	H(7)	was	located	from	a	difference-Fourier	map	and	refined	(x,y,z	
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and	Uiso)	with	d(O-H)	=	0.85Å.		The	remaining	hydrogen	atoms	were	included	using	a	riding	model.	 	 	There	was	one-half	molecule	 of	diethyl	 ether	 solvent	 present.	 	The	 solvent	was	disordered	about	an	inversion	center	and	refined	with	equivalent	anisotropic	displacement	parameters.		Atoms	O(17),	C(27),	C(28),	C(29)	and	C(30)	were	included	with	site-occupancy-factors	=	0.50.		Carbon	atom	C(23)	was	disordered	and	included	using	multiple	components	with	partial	site-occupancy-factors.	
Electrochemical procedures: All measurements were performed on a Pine Wavedriver 10 
bipotentiostat with  a 2 mm diameter glassy carbon disc working electrode, a glassy carbon counter 
electrode, and a Ag/Ag+ psuedoreference electrode separated from the bulk solution by a Vicor 
frit. Potentials were referenced to a ferrocene internal standard at 0 V, and all experiments were 
performed in dry, degassed DMF, PC, or THF at a concentration of 5 mM analyte and 0.5 M 
tetrabutylammonium hexafluorophosphate and at a 100 mV/s scan rate unless otherwise noted.  
Synthetic Procedures: 
Method 1a Synthesis of 1M (M= Na+, K+, Ca2+. Sr2+, Ba2+): This procedure is based on the 
literature procedure55 for Ba(18-crown-6-salen)(CF3SO3)2 (1Ba(OTf)2). 1 equivalent of 3,3'-
(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(2-hydroxybenzaldehyde) was added 
to 1 equivalent of the respective M triflate salt in refluxing methanol and stirred until dissolved. 
Scheme 1.1: Synthesis of 1M complexes 
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5 mM ethylene diamine in methanol was slowly added to the reaction mixture via syringe pump 
over 2-4 hours using an addition funnel, forming a bright yellow product. Solvent and any excess 
ethylene diamine were removed in vacuo to give a yellow solid. The crude product was taken up 
in a minimal amount of methanol and filtered through a glass microfiber filter. Diethyl ether was 
layered over the methanol solution. The pure product precipitated as yellow crystals, and was 
isolated by filtration and washing with diethyl ether.  
1Na(OTf) was synthesized using method 1a with 3,3'-(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-
diyl))bis(oxy))bis(2-hydroxybenzaldehyde) (0.379 g, 0.916 mmol), ethylene diamine (0.055 g, 
0.92 mmol) and Na(CF3SO3) (0.158 g, 0.918 mmol) to give 0.390 g of product (67% yield). ESI 
mass spectrometry: [1Na-(CF3SO3)]+: calculated m/z: 437.1689. Found: 437.1682.1H NMR (500 
MHz, CD3CN) δ 14.89 (s, 2H), 8.57 (s, 2H), 7.03 (m, 4H), 6.77 (m, 2H), 4.15 (m, 4H), 3.92 (s, 
4H), 3.87 (s, 4H), 3.76 (s, 4H). 13C NMR (500 MHz, CD3CN) δ 166.65, 156.91, 148.18, 123.93, 
116.47, 114.86, 69.89, 68.66, 67.09, 55.38. 
1K(OTf) was synthesized using method 1a with 3,3'-(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-
diyl))bis(oxy))bis(2-hydroxybenzaldehyde) (0.340 g, 0.870 mmol), ethylene diamine (0.052 g, 
0.87 mmol, 1 eq.) and K(CF3SO3)  (0.163 g, 0.870 mmol) to give 0.451 g of product (79% yield).  
ESI mass spectrometry: [2CoK(OTf)-(CF3SO3)]+: calculated m/z: 453.1428. Found: 453.1414. 
1H NMR (500 MHz, CD3CN) δ 15.23 (s, 2H), 8.58 (s, 2H), 7.02 (m, 4H), 6.77 (m, 2H), 4.18 (m, 
4H), 3.90 (s, 4H), 3.88 (s, 4H), 3.76 (s, 4H). 13C NMR (500 MHz, CD3CN) δ 166.85, 156.61, 
148.15, 123.63, 116.50, 113.83, 70.41, 69.10, 66.82, 55.66. 
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1Ca(OTf)2 was synthesized using method 1a with 3,3'-(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-
diyl))bis(oxy))bis(2-hydroxybenzaldehyde) (0.309 g, 0.792 mmol), ethylene diamine (0.048 mg, 
0.800 mmol), and Ca(CF3SO3)2 (0.267 g, 0.792 mmol) to give 0.402 g of product (yield 53%). 
ESI mass spectrometry: Calculated m/z for [1Ca-(CF3SO3)]+: 603.0937. Found: 603.0939. 1H 
NMR (500 MHz, CD3CN) δ 14.96(s, 2H), 8.55 (s, 2H), 7.15 (d, 2H), 7.09 (d, 2H), 6.68 (m, 2H), 
4.30 (s, 4H), 4.06 (s, 4H), 4.00 (m, 8H). 13C NMR (500 MHz, CD3CN) δ 168.32, 126.06, 117.92, 
114.77, 69.63, 68.70, 67.90, 51.74. 
1Sr(OTf)2 was synthesized using method 1a with 3,3'-(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-
diyl))bis(oxy))bis(2-hydroxybenzaldehyde) (0.073 g, 0.19 mmol), ethylene diamine (.012 g, 0.20 
mmol), and Sr(CF3SO3)2 (0.072 g, 0.19 mmol). Yield: 0.110 g, 73%.  ESI mass spectrometry:  
Calculated m/z for [1Sr-H-(CF3SO3)2]+: 501.0771. Found: 501.0791. 1H NMR (500 MHz, 
CD3CN) δ 15.18 (s, 2H), 8.55 (s, 2H), 7.09 (m, 4H), 6.70 (m, 2H), 4.29 (d, 4H), 4.07 (d, 4H), 
3.99 (s, 4H), 3.95 (s, 4H). 13C NMR (500 MHz, CD3CN) δ 168.02, 125.04, 122. 01, 119.47, 
115.09, 70.28, 68.92, 66.57, 52.73. 
1Ba(OTf)2 was synthesized using a literature procedure.55 ESI mass spectrometry: Calculated 
m/z  for [1Ba-H-(CF3SO3)2]+: 551.0767. Found: 551.0851. 1H NMR (500 MHz, CD3CN) δ 15.39 
(s, 2H), 8.56 (s, 2H), 7.07 (m, 4H), 6.68 (m, 2H), 4.28 (d, 4H), 4.01 (d, 8H), 3.89 (s, 4H). 13C 
NMR (500 MHz, CD3CN) δ 168.12, 163.13, 149.38, 125.07, 115.05, 70.57, 69.55, 66.76, 52.62. 
Method 1b. Synthesis of  M3+(18-crown-6-salen) (M = Y(OTf)3,  La(OTf)3, Eu(OTf)3): In a 
dealkalized 500 mL flask, Ba(18-crown-6-salen)(OTf)2  (685 mg, .755 mmol) was added to 80 mL 
CHCl3 to form a yellow suspension. Next, guanidine sulfate (435 mg, 4.02 mmol) was added to 
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80 mL nanopure H2O. The mixture was stirred extremely vigorously for one hour, and the organic 
layer was separated, quickly dried with Mg(SO4), and filtered. Solvent was removed in vacuo to 
leave a yellow, foamy semisolid, which is subsequently dissolved in a minimal amount of hot 
CHCl3, and a hot MeOH solution of M3+(OTf)3 is quickly added. This solution is stirred for 
approximately 30 minutes, during which the reaction mixture changes from cloudy yellow to clear 
yellow. Solvent is then removed in vacuo, and the yellow solid is then crystallized by layering 
diethyl ether onto a saturated methanol solution. Dealkalation of glassware was carried out by 
washing with 1 M HNO3 followed by copious rinsing with nanopure water. 
1Y(OTf)3: Yield: 45% ESI mass spectrometry: Calculated m/z for 1Y: 800.9890. Found: 
800.9878. 1H NMR (500 MHz, CD3CN) δ 13.58 (s, 1H), 8.62 (d, J = 13.97 Hz, 2H), 7.40 (dd, J = 
1.36, 7.82, 4H), 7.25(dd, J = 1.36, 8.14, 2H), 6.77 (t, J =7.97, 2H), 4.63 (m, 4H), 4.10 (m, 8H), 
3.96 (m, 4H). 
1Eu(OTf)3: Yield: 55% ESI mass spectrometry: Calculated m/z for 1Eu: 865.0042 Found: 
865.0016. 
1La(OTf)3: Yield: 52% ESI mass spectrometry: Calculated m/z for 1La: 850.9895. Found: 
850.9883. 1H NMR (500 MHz, CD3CN) δ 13.50 (s, 1H), 8.59 (dd, J = 1.30, 13.77, 2H), 7.19 (dd, 
J = 1.33, 8.14, 2H), 6.77 (t, J = 7.97, 2H), 4.48 (m, 4H), 4.27 (m, 4H), 4.19 (s, 4H), 4.07 (d, J = 
5.90). 
Method 1.2. General procedure for synthesis of 2CoIIM: In an inert atmosphere glovebox, 1 
equivalent of 1M (M = Na(OTf), K(OTf), Ca(OTf)2, Sr(OTf)2, Ba(OTf)2,  Y(OTf)3,  La(OTf)3, 
Eu(OTf)3) was dissolved in refluxing methanol. 1 equivalent of Co(OAc)2 was added dropwise 
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in a concentrated methanol solution over several minutes, and the reaction was refluxed for ten 
minutes. The crude red product was isolated under reduced pressure at 80 °C, re-dissolved in 
methanol, and passed through a glass microfiber filter. Vapor diffusion of diethyl ether into the 
methanol solution precipitated the product as deep red crystals, which were isolated by filtration 
and washed with diethyl ether.  
2CoIINa(OTf) was synthesized using method 1.2 with 1Na(OTf) (0.092 g, 0.16 mmol) and 
Co(OAc)2 (0.028 g, 0.16 mmol) to give 0.091 g product (90% yield). ESI mass spectrometry: 
Calculated m/z for (2CoNa(OTf)-CF3SO3]+: 494.0. Found: 494.1 Analytical calculation for 
C23H24NaCoF3O9N2S: C, 42.93; H, 3.76; N, 4.35. Found: C, 43.08; H, 3.46; N, 4.26. 
2CoIIK(OTf) was synthesized using method 1.2 with 1K(OTf) (0.220 g, 0.333 mmol) and 
Co(OAc)2 (0.059 g, 0.33 mmol) to give the 0.195 g (89% yield).  ESI mass spectrometry: 
Calculated m/z for 2CoK(OTf) •(CH3OH)+: 542.1. Found: 542.0. Analytical calculation for 
C23H24KCoF3O9N2S: C, 41.88; H, 3.67; N, 4.25. Found: C, 41.61; H, 3.36; N, 4.21.  
2CoIICa(OTf)2 was synthesized using method 2 with 1Ca(OTf)2 (0.059 g, 0.078 mmol) and 
Co(OAc)2 (0.014 g, 0.078 mmol) to give 0.056 g product (89% yield). ESI mass spectrometry: 
Calculated m/z for 2CoCa•(C2H3O2)+: 719.03. Found 718.96. Analytical calculation for C24H-
24CaCoF6O12N2S2: C, 35.61; H, 2.99; N, 3.46. Found: C, 35.30; H, 2.83; N, 3.40.  
2CoIISr(OTf)2 was synthesized using method 2 with 1Sr(OTf)2 (0.020 g, 0.025 mmol) and 
Co(OAc)2 (0.006 g, 0.03 mmol) to give 0.018 g product (80% yield).  ESI mass spectrometry: 
calculated m/z for 2CoSr+: 707.954. Found: 707.953. Analytical calculation for C24H24SrCoF6O-
12N2S2: C, 33.63; H, 2.82; N, 3.27. Found: C, 33.37; H, 2.64; N, 3.24.  
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2CoIIBa(OTf)2 was synthesized using method 2 with 1Ba(OTf)2 (0.180 g, 0.20 mmol) and 
Co(OAc)2 (0.035 g, 0.20 mmol) to give 0.156 g product (88% yield). ESI mass spectrometry: 
calculated m/z for 2CoBa+ : 758.0. Found: 757.9. Analytical calculation for C24H24BaCoF6O-
12N2S2: C, 31.79; H, 2.67; N, 3.0. Found: C, 31.95; H, 2.83; N, 3.05.  
2CoIIY(OTf)3 was synthesized using method 2 with 1Y(OTf)3 (24.7 mg, 0.026 mmol) and 
Co(OAc)2 (4.6 mg, 0.026 mmol) to give 22 mg product (84% yield).  Analytical calculation for 
C25H24YCoF9O15N2S3: C, 29.80; H 2.40; N, 2.78. Found: C, 30.03; H, 2.90; N, 2.58. 
2CoIIEu(OTf)3 was synthesized using method 2 with 1Eu(OTf)3 (36.0 mg, 0.036 mmol) and 
Co(OAc)2 (6.3 mg, 0.036 mmol) to give 30.1 mg product (80% yield). Analytical calculation for 
C25H24EuCoF9O15N2S3: C, 28.05; H 2.26; N, 2.62. Found: C, 28.46; H, 2.74; N, 2.51. 
2CoIILa(OTf)3 was synthesized using method 2 with 1La(OTf)3 (70.2 mg, 0.070 mmol) and 
Co(OAc)2 (12.4 mg, 0.070 mmol) to give 68 mg product (91% yield). Analytical calculation for 
C25H24LaCoF9O15N2S3: C, 28.40; H 2.29; N, 2.65. Found: C, 29.33; H, 3.27; N, 2.41. 
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Figure 1.9: 1H NMR spectra of 1Na(OTf) in CD3CN. 
 
 
Figure 1.10: 13C NMR spectrum of 1Na(OTf) in CD3CN. 
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Figure 1.11: 1H NMR spectra of 1K(OTf) in CD3CN. 
 
Figure 1.12: 13C NMR spectrum of 1K(OTf) in CD3CN. 
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Figure	1.13: 1H NMR spectra of 1Ca(OTf)2 in CD3CN. 
 
	
Figure 1.14: 13C NMR spectrum of 1Ca(OTf)2 in CD3CN 
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Figure 1.15: 1H NMR spectra of 1Sr(OTf)2 in CD3CN. 
 
Figure 1.16: 13C NMR spectrum of 1Sr(OTf)2 in CD3CN. 
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Figure 1.17: 1H NMR spectra of 1Ba(OTf)2 in CD3CN. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.18: 13C NMR spectrum of 1Ba(OTf)2 in CD3CN. 
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Figure 1.19: 1H NMR spectra of 1Y(OTf)3 in CD3CN. 
 
	
Figure 1.20: 1H NMR spectra of 1La(OTf)3 in CD3CN.	
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Figure 1.21: 1H NMR spectra of 1Eu(OTf)3 in CD3CN.	
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Figure 1.22: Effect of ionic radius of the occupied cation on the chemical shift of the phenolic 
protons in the 1M complexes 
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Figure 1.23: Cyclic voltammograms from the titration of 2CoNa(OTf) with excess Na(OTf) at a 
scan rate of 250 mV/s. 
 
Figure 1.24: Cyclic voltammograms from the titration of 2CoCa(OTf)2 with excess Ca(OTf)2 at 
a scan rate of 250 mV/s. 
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Figure 1.25: Cyclic voltammograms from the titration of 2CoBa(OTf)2 with excess Ba(OTf)2 at 
a scan rate of 250 mV/s. 
 
Figure 1.26: Cyclic voltammograms of 1Eu(OTf)3 and 2CoIIEu(OTf)3 in propylene carbonate. 
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Figure 1.27: Cyclic voltammograms from the titration of Co(salen-OMe) with 
tetrabutylammonium chloride in dimethylformamide. 
	
Figure 1.28: Cyclic voltammograms from the titration of 2CoK(OTf) with tetrabutylammonium 
chloride in dimethylformamide. 
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Figure 1.29: Cyclic voltammograms from the titration of 2CoBa(OTf)2 with 
tetrabutylammonium chloride in dimethylformamide. 
	
Figure 1.30: Cyclic voltammograms from the titration of 2CoLa(OTf)3 with 
tetrabutylammonium chloride in dimethylformamide. 
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Figure 1.31: Cyclic voltammograms from the titration of 2CoY(OTf)3 with 
tetrabutylammonium chloride in propylene carbonate. 
 
Figure 1.32: Electrospray ionization mass spectrum of the product isolated by Method 1a using 
Cs(OTf). 
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Figure 1.33: ORTEP of 2CoIINa(BF4). Thermal ellipsoids are drawn to 50% probability. 
Hydrogen atoms and outersphere anions and solvent molecules have been omitted for clarity. 
	
Figure 1.34: ORTEP of 2CoIIK(BF4), depicting one of three molecules in the unit cell. Thermal 
ellipsoids are drawn to 50% probability. Hydrogen atoms and outersphere anions and solvent 
molecules have been omitted for clarity. 			
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Figure 1.35: UV-Vis spectra from the titration of CoII(salen)OMe with tetrabutylammonium 
chloride in propylene carbonate. Spectra were taken at 50 µM in a 1 cm cuvette. 
	
Figure 1.36: UV-Vis spectra from the titration of 2CoIILa(OTf)3 with tetrabutylammonium 
chloride in propylene carbonate. Spectra were taken at 0.75 mM in a 1 mm cuvette.			
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CHAPTER 2: 
EXPERIMENTAL AND THEORETICAL INVESTIGATIONS 
OF ELECTROSTATIC INTERACTIONS IN NICKEL SCHIFF 
BASE COMPLEXES  
 
 
  
 
 
 
 
 
 
The majority of the synthesis and characterization of the complexes presented in this chapter was 
carried out by undergraduate researcher Kevin Kang under my supervision. DFT studies were 
conducted by doctoral student Jack Fuller III and Prof. Anastassia Alexandrova at the University 
of California, Los Angeles.
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2.1 Motivation and Specific Aims 
 In Chapter 1, the use of the 1M metalloligand was used to demonstrate electrostatic 
interactions and their resulting effects on heterobimetallic cobalt complexes. In order to better 
understand how electrostatics modulate the properties of transition metal complexes, this 
heterobimetallic series was expanded to include other transition metals. The following chapter 
outlines the synthesis, characterization, and detailed analysis of the electronic structure of a series 
of nickel complexes utilizing the 1M framework. Nickel was chosen for further study due to its 
close proximity to cobalt on the periodic table, ability to form stable salen complexes, and air-
stability. Another advantage is the diamagnetic electron configuration of NiII(salen) complexes, 
which greatly simplifies the application of density functional theory to model electronic orbitals. 
Computational studies, in addition to the experimental work presented herein, provides a more 
comprehensive and quantitative analysis of the molecular orbital manifold in the presence of 
electrostatic fields. 
2.2 Background  
 Efforts to generate modular electric fields have focused on installation of non-redox active 
cations proximal to redox-active reaction sites. Chapter 1 discusses the cobalt derivatives of the 
salen-crown ligand framework shown in Scheme 2.1. The crown moiety appended to the four-
coordinate Schiff-base ligand can accommodate a large range of cationic metal centers (M2). Alkali 
and alkaline earth metals were utilized because they are known to generate significant electric 
fields in enzymes1-2 and zeolite cavities.3 A subsequent study on the analogous iron complexes 
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found the magnitude of the FeIII/II reduction potential 
also had a strong dependence on both M2 and whether 
a counterion was  coordinated to the Fe.4 However, 
initial studies lacked definitive evidence for the 
magnitude of the electric field, its impact on the 
electronic structure of the redox-active center, and the 
effect of inner-sphere anions. These details are critical 
to effectively utilize cations to generate directional electric fields to optimize reaction rates or 
selectivity. 
 In order to investigate the electrostatic effects in more detail and to enable the use of density 
functional theory for modelling molecular orbital energies, a diamagnetic NiII analogue of the 
ligand with Na+ and Ba2+ cations as M2 (Scheme 2.1) was synthesized and characterized. As 
electric fields scale with charge, dications would be expected to have twice the effect on its 
magnitude as monocations. The salen framework easily accommodates a square-planar closed-
shell NiII coordination environment. This chapter outlines the synthesis and spectroscopic 
properties of NiII complexes with Na+ or Ba2+ incorporated in the crown as well as computational 
methods to more fully understand the changes in redox potential and electronic properties. Taken 
together, this study provides a detailed and quantitative examination of how positioned cations  
install electric field of fixed magnitude and direction. 
 
 
Scheme 2.1:  
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2.3 Results and Discussion 
2.3.1 Synthesis and Characterization 
 1Na(OTf) and 1Ba(OTf)2 were synthesized using a modified literature procedure outlined 
in Chapter 1.5 1Na(OTf) and 1Ba(OTf)2 were synthesized using the corresponding metal triflate 
salts. 1M (M = Na+, Ba2+) ligand and an equivalent of Ni(OAc)2 were refluxed in methanol to 
synthesize the heterobimetallic 2M NiII complexes (Scheme 2.1). Synthesis was followed by 
removal of methanol and acetic acid in vacuo. The heterobimetallic complexes were purified and 
recrystallized by vapor diffusion of diethyl ether into methanol solutions of each compound. The 
compound identities were confirmed using mass spectrometry and single crystal X-ray diffraction 
analysis. Purities were determined by elemental analysis. Ni(salen-OMe) (salen-OMe = N,N’-
bis(3-methoxysalicylidene)-1,2-diaminoethane) was synthesized according to a literature 
procedure6 to compare with the 2M complexes. 
 Compounds were characterized by 1H NMR spectroscopy, shown in Figures 2.10-12. 
Compared to Ni(salen-OMe), each 2M complex had a downfield shift in the imine proton signal 
with a greater shift correlating with higher cationic charge. The imine proton in 1M complexes 
was shifted farther downfield than in the corresponding 2M complexes. 
2.3.2 Structural Studies 
 Single crystals for X-ray diffraction were grown by diffusion of diethyl ether into methanol 
solutions of the 2M triflate salts; the solid-state structures are shown in Figure 2.1. In each 
heterobimetallic complex, the triflate counteranions are bound to the M cation. In 2NiIIBa(OTf)2, 
two triflate anions are coordinated to the Ba2+ and form a symmetric bridge to an adjacent 
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2NiIIBa(OTf)2 complex. The mass spectrum does not contain peaks consistent with a dimer, 
suggesting that the species only exists in the solid-state form. A methanol molecule is also 
coordinated to each Ba2+ cation. 
 Each complex contains a minimally distorted square planar nickel ion with the M cation 
inhabiting the crown ether pocket. The t4 values describing the coordination around the NiII ions 
are listed in Table 2.1 and confirm similar coordination environments.7 The distances between the 
NiII ion and M cations are also listed in Table 2.1. 
	
Figure 2.1: Solid-state structures of 2NiIINa(OTf) and 2NiIIBa(OTf)2. Thermal ellipsoids are 
drawn to 50% probability. Hydrogen atoms, outer-sphere anions, and solvent molecules have 
been omitted for clarity. 
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2.3.3 Electrochemistry 
  Cyclic voltammetry of Ni(salen-OMe) in acetonitrile versus ferrocene/ferrocenium 
revealed a reversible reduction at -2.07 V that is assigned to a NiII/I redox event (Figure 2.2, red 
trace). The corresponding NiII/I reduction events in 2NiIINa(OTf) and 2NiIIBa(OTf)2 are also 
reversible and found at -1.94 and -1.69 V, respectively. Compared to Ni(salen-OMe), the redox 
potential for 2NiIINa(OTf)2 and 2NiIIBa(OTf)2 are shifted positive by 130 mV and 380 mV, 
respectively. The increased difference in redox potential correlates with increased cationic charge, 
similar to the observed trend in the 2CoIIM complexes in Chapter 1.8 
2.3.4 Electronic and Vibrational Spectroscopy 
 The compounds were examined by electronic absorption and infrared spectroscopy to 
further probe the electronic effects of the Na+ and Ba2+ cation on the NiII ligand field. The  
	
Figure 2.2: Cyclic voltammograms of the reversible Ni II/I redox couples of Ni(salen-
OMe) and 2NiM (M = Na+, Ba2+) in 0.1 M tetrabutylammonium hexafluorophosphate 
in acetonitrile under N2 at a scan rate of 100 mV/s. Individual CVs are shown in Figures 
2.13-15. 
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Figure 2.3: UV-Vis spectrum of Ni(salen-OMe), 50.0 µM in dimethylformamide. 
 
Figure 2.4: UV-Vis spectrum of Ni(salen-OMe), highlighting the d→d absorption band, 500 µM 
in dimethylformamide. 
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Figure 2.5: UV-Vis spectrum of 2NiIINa(OTf), 50.0 µM in dimethylformamide. 
 
Figure 2.6: UV-Vis spectrum of 2NiIINa(OTf), highlighting the d→d absorption band, 500 µM 
in dimethylformamide. 
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Figure 2.7: UV-Vis spectrum of 2NiIIBa(OTf)2, 50.0 µM in dimethylformamide. 
 
 
Figure 2.8: UV-Vis spectrum of 2NiIIBa(OTf)2, highlighting the d→d absorption band, 500 µM 
in dimethylformamide. 
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electronic absorption spectra in dimethylformamide are shown in figures 2.3-2.8 and are 
summarized in Table 2.2. The absorption spectrum of Ni(salen-OMe) displays a π → π* transition 
at 349 nm and a d → π* (MLCT) transition at 415 nm.9-10 The 2M complexes exhibit a slight blue 
shift in both their π → π* bands (≤5 nm) and MLCT bands (≤11 nm) relative to Ni(salen-OMe).  
Additionally, Ni(salen-OMe) has a d → d absorption band at 547 nm, which appears in 2M with a 
small red shift (≤8 nm). Molar absorptivity for each transition for 2M is comparable to Ni(salen-
OMe). Changes in absorption in 2NiM compared to Ni(salen-OMe) indicate that the presence of 
M influences the ligand field around the NiII center; however, it appears to only have a minor effect 
relative to changes in redox potential. 
 Solid state infrared spectroscopy of the complexes was taken to compare the electronic 
environment of the nickel center (Figures 2.16-2.19). As cationic charge increases, the vibrational 
frequency of the imine C=N stretch increases (Table 2.1).  
 
 
Table 2.1: Summary of structural, spectroscopic, and electrochemical data for Ni(salen-OMe) 
and 2NiIIM complexes. 
Complex	 E1/2	NiII/I,a	
V	
ΔE,b	V	 Ni×××M	,	Å	 NiII	ion,	
τ4c	
ν(C=N),	
cm-1	
Ni(salen–OMe)	 -2.07	 --	 --	 0.0152d	 1545	
2NiIINa(OTf)	 -1.94	 0.12	 3.4374(6)	 0.0217	 1553	
2NiIIBa(OTf)2	 -1.69	 0.38	 3.7095(4)	 0.0882	 1554	
aReduction potentials in acetonitrile referenced to ferrocene/ferrocenium. bDifference between 
the reduction potential of 2M and Ni(salen–OMe).  cτ4 value describing the coordination 
geometry around the NiII ions, where τ4 =1 for a tetrahedral geometry and τ4 = 0 for a square 
planar geometry.  dFrom ref 14. 
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2.3.5 Computational Studies 
 To clarify the effect of the secondary cation, density functional theory (DFT) calculations 
were performed using the wB97X-D functional.11 The def2-SVP basis set was used for geometry 
optimizations and the def2-TZVP basis for final electronic energies and spectra.12 Solvent was 
modeled using the SMD solvent model13 with the corresponding parameters for 
dimethylformamide or acetonitrile. Calculations were performed using Gaussian 0914 and 
electrostatic potential maps were plotted using ChemCraft.15 
 Electronic absorption spectra simulated using time-dependent DFT (TD-DFT)16 showed 
fairly good agreement with experimental spectra; only small shifts in wavelengths were observed 
for different secondary cations (Table 2.2). However, all the frontier orbitals shift in energy by a 
similar magnitude with increasing cationic charge, as shown in Figure 2.9. The small relative 
changes in orbital energies is consistent with the modest differences observed in absorption 
spectra. In addition, the energies of all the MOs near the HOMO-LUMO gap trend in response to 
the field in a nearly parallel fashion. Hence, minimal spectral changes can be seen. Both the 
experimental and computational results indicate the major impact of the secondary cations is 
electrostatic as they do not significantly alter the ligand field at the redox site. Instead, the reduction 
potential from Ni(salen-OMe) to 2NiIINa(OTf) (0.27 eV) and to 2NiIIBa(OTf)2 (0.42 eV) shifts 
positive as the LUMO energy trends down in energy as a function of the electric field generated 
by the cation. 
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Table 2.2: Observed and calculated UV-Vis transitions for 2NiIIM and NiII(salen-OMe). 
Complex λ(dàd), 
nm (ε, 
M-1cm-1) 
Calc. 
λ(dàd), 
nm 
λ(πàπ*)a, nm 
(ε, M-1cm-1) 
Calc. λ 
(πàπ*), 
nm 
λ (MLCT)a, 
nm (ε, 
M1cm-1) 
Calc. λ 
(MLCT), 
nm 
Ni(salen–
OMe) 
547 
(111) 
563 349 (8033) 345 415 (5019) 390 
2NiIINa(OTf) 552 
(113) 
565 345 (9800) 333 406 (5695) 389 
2NiIIBa(OTf)2 555 
(105) 
607 344 (9358) 327 404 (5176) 386 
aAssignment based on ref. 16 and 17 
 
Figure 2.9: Effect of secondary metals on orbital energies in Ni complexes. 
Orbitals involved in MLCT are bolded in the graph and plotted on the right for 
the Ni(salen–OMe) complex. 
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2.4 Conclusions  
 The development of the 2NiIIM series of heterobimetallic complexes expanded the range 
of heterobimetallic complexes from the work discussed in Chapter 1. These studies show that the 
electrostatic potential effects from the proximal cation interact with both transition metal hosts in 
a similar manner, regardless of open or closed shell electron configurations. The anodic potential 
shift of the NiII/I couple of up to 380 mV was observed, which is slightly larger than those observed 
in the 2CoIIM series. UV-vis spectroscopy shows that the lowest energy d-d transition is not 
strongly affected by the electrostatic interactions. The electronic environment of the metal center, 
measured by the C=N stretch of the imine donors, is consistent with the decreased ability of the 
metal to participate in π-backbonding in the presence of a cationic field. TD-DFT calculations 
modelling the energies of the frontier molecular orbitals demonstrate the electrostatic basis for the 
potential shift, and also reveal the expanded electronic MO scaffold that could not be observed 
through UV-vis spectroscopy or electrochemical analysis.  
2.5 Experimental Details 
General Considerations: For syntheses containing air and moisture sensitive reagents or 
products, manipulations were carried out in a glovebox or using standard Schlenk techniques 
under an inert atmosphere of nitrogen. Unless otherwise noted, all experiments were carried 
out at room temperature (21-24 °C). All solvents used were degassed by sparging with argon 
and dried by passing through columns of neutral alumina or molecular sieves. Deuterated 
acetonitrile was purchased from Cambridge Isotopes Laboratories, Inc. and was degassed and 
stored over activated 3 Å molecular sieves prior to use. Reagents were purchased from 
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commercial vendors and used without further purification unless otherwise noted. 3,3'- 
(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(2-hydroxybenzaldehyde) was 
synthesized according to a literature preparation6 with the following modification. The crude 
product was purified by silica gel column chromatography using a ratio of ethyl acetate to 
hexanes of 1:1 that progressed to a ratio of 2:1. 
Physical Methods: NMR spectra were taken on a 500 MHz Bruker Avance GN500 (1H) with a 
BBO probe at 20 °C. Electrospray ionization mass spectrometry was performed using an ESI LC-
TOF Micromass LCT 3 mass spectrometer. Elemental analysis was taken on a PerkinElmer 2400 
Series II CHNS elemental analyzer. Infrared (IR) absorption measurements were taken as 
compressed solids on a Thermo Scientific Nicolet iS5 spectrophotometer with an iD5 ATR 
attachment. UV-vis spectra were collected in dimethylformamide solution using an Agilent 
Technologies Cary 60 UV−vis. 
Electrochemical procedures 
 All measurements performed on a Pine Wavedriver 10bipotentiostat with a 2 mm diameter 
glassy carbon disc working electrode, a glassy carbon counter electrode, and a Ag/Ag+ 
psuedoreference electrode separated from the bulk solution by a Vicor frit. Potentials were 
referenced to a ferrocene internal standard at 0 V, and all experiments were performed in dry, 
degassed acetonitrile at a concentration of 1 mM analyte and 0.1 M tetrabutylammonium 
hexafluorophosphate and at a 100 mV/s scan rate unless otherwise noted. 
X-ray Crystallographic Methods 
X-ray Data Collection, Structure Solution and Refinement for 2NiIINa(OTf). 
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 A violet crystal of approximate dimensions 0.759 x 0.342 x 0.208 mm was mounted on a 
glass fiber and transferred to a Bruker SMART APEX II diffractometer.  The APEX217 program 
package was used to determine the unit-cell parameters and for data collection (15 sec/frame scan 
time for a sphere of diffraction data).  The raw frame data was processed using SAINT18 and 
SADABS19 to yield the reflection data file.  Subsequent calculations were carried out using the 
SHELXTL20 program.  The diffraction symmetry was 2/m and the systematic absences were 
consistent with the monoclinic space group P21/n that was later determined to be correct. 
 The structure was solved by direct methods and refined on F2 by full-matrix least-squares 
techniques.  The analytical scattering factors21 for neutral atoms were used throughout the analysis.  
Hydrogen atoms were located from a difference-Fourier map and refined (x,y,z and Uiso).  
 Least-squares analysis yielded wR2 = 0.0599 and Goof = 1.046 for 361 variables refined 
against 6354 data (0.73 Å), R1 = 0.0233 for those 5947 data with I > 2.0s(I).     
X-ray Data Collection, Structure Solution and Refinement for 2NiIIBa(OTf)2   
 A red crystal of approximate dimensions 0.204 x 0.366 x 0.367 mm was mounted in a 
cryoloop and transferred to a Bruker SMART APEX II diffractometer.  The APEX217 program 
package was used to determine the unit-cell parameters and for data collection (15 sec/frame scan 
time for a sphere of diffraction data).  The raw frame data was processed using SAINT18 and 
SADABS19 to yield the reflection data file.  Subsequent calculations were carried out using the 
SHELXTL20 program.  There were no systematic absences nor any diffraction symmetry other 
than the Friedel condition.  The centrosymmetric triclinic space group P  was assigned and later 
determined to be correct. 
1
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 The structure was solved by direct methods and refined on F2 by full-matrix least-squares 
techniques.  The analytical scattering factors21 for neutral atoms were used throughout the analysis. 
Hydrogen atom H(13) was located from a difference-Fourier map and refined (x,y,z and Uiso).  The 
remaining hydrogen atoms were included using a riding model.  The molecule was a dimer located 
about an inversion center.  There were two non-coordinated triflate ions present per dimeric 
formula-unit. 
 Least-squares analysis yielded wR2 = 0.0594 and Goof = 1.054 for 456 variables refined 
against 7985 data (0.73 Å), R1 = 0.0219 for those 7701 data with I > 2.0s(I). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Definitions: 
 wR2 = [S[w(Fo2-Fc2)2] / S[w(Fo2)2] ]1/2 
 R1 = S||Fo|-|Fc|| / S|Fo| 
 Goof = S = [S[w(Fo2-Fc2)2] / (n-p)]1/2  where n is the number of reflections and p is the total 
 number of parameters refined. 
 The thermal ellipsoid plot is shown at the 50% probability level. 
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Synthetic Procedures 
Method 2.1: General procedure for synthesis of 2M: In an inert atmosphere glovebox, 1 
equivalent of 1M (M = Na+, Ba2+) was dissolved in refluxing methanol. 1 equivalent 
of Ni(OAc)2 was added dropwise in a concentrated methanol solution over several minutes, 
and the reaction was refluxed for ten minutes. The crude red product was isolated under 
reduced pressure at 80 °C, redissolved in methanol, and passed through a glass microfiber 
filter. Vapor diffusion of diethyl ether into the methanol solution precipitated the product as 
crystals, which were isolated by filtration and washed with diethyl ether. 
Ni(salen-OMe): Synthesized according to a previous literature procedure6 with salen-OMe (N,N’-
bis(3-methoxysalicylidene)-1,2-diaminoethane) (0.05 g, 0.152 mmol) and Ni(OAc)2 (0.038 g, 
0.152 mmol) to give 47 mg product (80.2% yield). ESI mass spectrometry: Calculated m/z for 
Ni(salen-OMe): 407.05. Found: 407.05. 1H NMR (500 MHz, CD3CN) δ 7.69 (s, 2H), 6.83 (d, 2H), 
6.79 (d, 2H), 6.49 (t, 2H), 3.78 (s, 6H), 3.41 (s, 4H). 
2NiIINa(OTf): Synthesized using method 2.1 with 1Na(OTf) (0.010 g, 0.017 mmol) and 
Ni(OAc)2 (0.003 g, 0.017 mmol) to give 0.009 g product (66.6% yield). ESI mass spectrometry: 
Calculated m/z for (2NiIINa(OTf)-CF3SO3]+: 493.09. Found: 493.09. Analytical calculation for 
C23H24NaNiF3O9N2S: C, 42.95; H, 3.76; N, 4.36. Found: C, 42.95; H, 3.70; N, 4.19. 1H NMR (500 
MHz, CD3CN) δ 7.77 (s, 2H), 6.95 (d, 2H), 6.90 (d, 2H), 6.62 (t, 2H), 4.07 (t, 4H), 3.84 (t, 4H), 
3.72 (s, 4H), 3.47 (s, 4H). 
2NiIIBa(OTf)2: Synthesized using method 2.1 with 1Ba(OTf)2 (0.050 g, 0.059 mmol) and 
Ni(OAc)2 (0.0146 g, 0.059 mmol) to give 0.042 g product (80% yield). ESI mass spectrometry: 
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Calculated m/z for 2NiIIBa(OTf)+ : 756.96. Found: 756.95. Analytical calculation for 
C24H24BaNiF6O12N2S2: C, 31.80; H, 2.67; N, 3.09. Found: C, 31.93; H, 2.67; N, 3.01. 1H NMR 
(500 MHz, CD3CN) δ 7.80 (s, 2H), 7.04 (t, 4H), 6.75 (t, 2H), 4.24 (t, 4H), 3.97 (t, 4H), 3.87 (s, 
4H), 3.49 (s, 4H) 
 
 
 
 
Figure 2.10: 1H NMR spectrum  of Ni(salen-OMe) in CD3CN. 
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Figure 2.11: 1H NMR spectrum of 2NiIINa(OTf) in CD3CN. 
 
Figure 2.12: 1H NMR spectrum of 2NiIIBa(OTf)2 in CD3CN. 
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Figure 2.13: Cyclic voltammogram of Ni(salen-OMe) in acetonitrile. 
 
Figure 2.14: Cyclic voltammogram of 2NiIINa(OTf) in acetonitrile. 
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Figure 2.15: Cyclic voltammogram of 2NiIIBa(OTf)2 in acetonitrile. 
 
 
Infrared Spectra 
 
Figure 2.16: Solid state infrared spectrum of Ni(salen-OMe). 
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Figure 2.17: Solid state infrared spectrum of 2NiIINa(OTf). 
 
Figure 2.18: Solid state infrared spectrum of 2NiIIBa(OTf)2. 
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Figure 2.19: Overlay of the C=N vibrational stretches of complexes. 
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CHAPTER 3 
THE ROLE OF ELECTROSTATIC EFFECTS ON THE 
REACTIVITY OF MANGANESE NITRIDE SCHIFF BASE 
COMPLEXES 
 
 
  
 
 
 
 
 
Portions of this chapter have been published: Chantarojsiri, T.; Reath, A. H.; Yang, J. Y. Angew. 
Chem. Int. Ed. 2018, 57, 14037. Reproduced with permission from John Wiley and Sons. 
 
The manganese nitride coupling studies presented in this chapter were part of a collaborative body 
of work by Dr. Teera Chantarojsiri and myself. 
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3.1. Motivation and Specific Aims 
 In this chapter, MnIII/II and MnVN Schiff- base complexes incorporating a K+ or Ba2+ ion in 
the ligand framework are used in various reactivity studies to explore the effects of electrostatic 
interactions. Recent studies found metal-based, one-electron oxidation of MnVN Schiff-base 
complexes results in bimolecular coupling to form N2 and the corresponding MnIII complexes.1-2 
Installation of electron-withdrawing functional groups on the ligand results in more oxidizing 
MnVIN complexes that couple to form N2 at a higher rate.1 Subsequent studies demonstrate how 
cationic charge affects the inverse free energy relationship for bimolecular coupling compared to 
the use of ligand functionalization. Brief experiments were also undertaken in attempt to exploit 
the increased stability of the MnVIN species to apply towards useful reactions such as C-H bond 
activation. Further reactivity explored herein investigates the potential for electrochemical 
ammonia oxidation using MnIII Schiff base complexes, as well as the effect of proximal 
electrostatic fields on the acid/base chemistry of the MnVN species. 
3.2. Background 
 High-valent transition metal nitride complexes play a diverse role in catalytic and 
stoichiometric reactivity.3-37 Their reactivity is dictated by their nucleophilic or electrophilic 
character, which is in turn dependent on the identity of the metal, oxidation state, and ligand 
environment.3-6, 38-51 Although nucleophilic MnVN(salen) complexes have been studied for several 
decades,52-68 Storr1 and Menard2 recently uncovered a new reactivity pattern. One-electron 
oxidation of the MnVN(salen) derivatives A, B, C, and D (Figure 3.1) was pursued to generate a 
metal nitride with radical character. However, the resulting MnVIN(salen) complex was unstable, 
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engaging in bimolecular coupling to form N2 and two equivalents of the corresponding MnIII(salen) 
complex (eq 3.1). Bimolecular N2 evolution had also previously been observed in Schiff base RuVI 
69-70 and OsVI 71 nitride complexes.  
	
 Storr et. al. explored the effect of ligand substituents on the rate of N–N bond formation 
(complexes B, C, and D in Figure 3.1). More electron-withdrawing groups led to more positive 
oxidation potentials in accordance with their Hammett parameters.1 The MnVN salen with the most 
electron-donating substituent, NMe2 (B in Figure 3.1), led to a ligand-centered radical upon 
oxidation and no bimolecular reactivity, whereas Mn-based one-electron oxidation of C and D in 
Figure 3.1 led to N2 evolution (eq 3.1). Not surprisingly, the most oxidizing MnVInitride complex 
(D) reacts at the highest rate (k2 in eq 3.1). Thus, installation of electron-withdrawing substituents 
to produce a more oxidizing MnVI nitride complex also results in an increased rate of bimolecular 
coupling. 
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 The synthesis and characterization of MnVN (1K, 1Na, 1Ba, 1Sr) and MnIII (2K, 2Ba) 
complexes with appended K+ and Ba2+ cations are, shown in Figure 3.1. Similar to their Co and 
Fe analogue, the MnVN complexes incorporating a K+ or Ba2+ ion exhibit a positive shift in the 
MnV/VIN reduction potential. Oxidation of 1K, 1Na, 1Sr, and 1Ba also results in MnVIN complexes 
that reductively couple to form N2 according to eq 3.1. However, the stability of the MnVIN is 
enhanced with increasing cationic charge. As a result, the most stable MnVIN complex to 
bimolecular coupling is also the most oxidizing – the opposite trend to what is observed through 
electron-donating or withdrawing substituent ligand modifications.  
	
Figure 3.1: The reactivity of A (ref. 2) and B, C, and D (ref. 1) has previously been described. 
The reactivity of 1K, 1Ba, 1Na, and 1Sr compared to A are discussed in this work. 
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  The inhibition of bimolecular coupling using electrostatic interactions offers an 
opportunity to exploit the activated radical nitride of the MnVIN species for more useful 
applications. Activated metal nitrides are known to participate in a wide range of reactivity 
including olefin amination60, 72 and aziridation,53, 57, 73 N-atom transfer to metal complexes,67 and 
C–H bond activation.74 Shutting down the pathway towards N–N coupling would demonstrate the 
use of electrostatic charge to reduce undesirable catalyst deactivation pathways involving 
bimolecular steps, such as those observed in olefin metathesis.72, 75 An attempt to initiate C-H bond 
activation with MnVIN complexes using dihydroanthracene as a substrate is explored in later 
sections of this report. Additionally, the imido species generated from the protonation of MnVN 
Schiff base compounds are known to decompose through a bimolecular pathway. This reactivity 
was also explored to determine whether a stabilized MnVNH could be generated, as well as to 
better understand the effects of electrostatic interactions on the pKa and bond dissociation free 
energies (BDFE) of metal-bound substrates.  
3.3 Results and Discussion 
3.3.1 Synthesis and Characterization 
Synthetic Methods 
 Synthesis of the MnIII complexes 1M and 2M (M = K+ or Ba2+, Figure 3.1) was adapted 
from a literature procedure76,77 by Dr. Teera Chantarojsiri as outlined in a previous publication.78 
The corresponding MnV nitrides, 1M (Figure 3.1), were synthesized from 2M by reaction with 
NH4OH followed by bleach (NaOCl). Additional equivalents of the respective metal triflate salts, 
K(OTf) and Ba(OTf)2, were added to ensure the occupancy of desired cations residing in the crown 
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ether pocket. 1M (M = Na+ or Sr2+) was synthesized following a similar procedure but without 
first isolating their respective MnIII precursors. The MnVN complexes were recrystallized by Et2O 
diffusion into concentrated CH3CN solution. MnIII(salen)OTf (salen = N,N′-
bis(salicylidene)ethylenediamine) and MnVN(salen) (A) were prepared as previously reported.60 
The purity and formulation of the complexes were confirmed using mass spectrometry and 
elemental analysis.  
Solid State Structures 
 Crystals of 1M (M = K+ or Ba2+) and 2Ba suitable for single crystal X-ray crystallography 
were grown by Et2O diffusion into a concentrated CH3CN solution. (Crystals of 2K for structural 
characterization were isolated after oxidation of 1K, vide infra). Selected bond metrics and 
structural parameters are listed in Table 3.1 and the ORTEPs are shown in Figure 3.2. The τ5 values 
for A, 1K, and 1Ba are 0.086, 0.110, and 0.203, respectively, where a τ5 of 0 represents an ideal 
square pyramidal coordination geometry and a τ5 of 1 an ideal trigonal bipyramidal geometry. 
Although the coordination geometry of the Mn ion can be described as square pyramidal in all of 
the structures, the geometry becomes more distorted as the charge of M increases. 
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UV-vis Spectroscopy 
 The electronic absorption for MnN(salen) (A), 1K, 1Na, 1Ba and 1Sr have identical bands 
at 596 nm (ϵ = 200 M-1 cm-1) that we assign as a d-d transition (Table 3.1 and Figure 3.3). The 
similar profiles indicate minimal changes in electronic structure across the series.  
 
 
	
Figure 3.2: ORTEP representations of solid-state structures of 1K, 1Ba, 2K, and 2Ba. Outer-
sphere anions are omitted for clarity. Hydrogen atoms are only depicted in water molecules. 
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Infrared Spectroscopy 
 The Mn≡N stretch of 1K, 1Na, 1Ba, and 1Sr is 1050, 1052, 1055, and 1058 cm-1, 
respectively, compared to 1047 cm-1 in MnN(salen) (A) (Figure 3.4).52 The Mn≡N vibrational 
frequency for A is consistent with previously reported MnN species and is slightly higher for 1M.  
	
	
Figure 3.3: UV-vis spectra of 1M complexes. Magnified view of d-d bands shown in the inset 
figure. 
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Vibrational spectroscopy and structural details from these studies and previously reported 
complexes MnN complexes are compiled in Table 3.2. 
	
		
 
 
Figure 3.4: Top: Infrared spectra of 1M complexes. Bottom: Expanded view to trend in 
Mn≡N stretching frequency. 
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3.3.2 Electrochemical studies 
Cyclic Voltammetry 
 The electrochemical properties of the MnVN complexes in acetonitrile were measured 
using cyclic voltammetry. Scan-rate dependent data for all complexes are shown in Figure 3.5. The 
cathodic and anodic peak separation (ΔEp) for the MnVI/V redox couple of A and 1M increases 
with the scan-rate (Table 3.3 and 3.4). An increasing ΔEp with scan-rate indicates the rate of 
electron transfer is slow under these conditions, or the redox event is quasi-reversible.79 In all 
Table 3.1: Selected bond metrics, redox properties, vibrational frequencies, and UV-visible 
absorption parameters. Kinetic and thermodynamic parameters extrapolated from Eyring plots 
in Figure 3.9. 
 
Mn≡N 
bond 
distance 
(Å) 
Mn—M 
distance 
(Å) 
τ5 
ν 
(Mn≡N) 
(cm-1) 
λ  (d-
d, 
nm), ε 
(M-1 
cm-1) 
E1/2 MnV/VI(V 
vs 
[Fe(C5H5)2]+/0) 
k2 (20 
°C, M-
1 s-1) 
ΔH‡ 
(kcal
/mol
) 
ΔS‡ 
(e.u.) 
MnN(salen
) (A) 
1.512(3)
a − 
0.086
a 1047
a 596, 200 0.427 2166 1.75 37.21 
1K 1.528(2) 3.7864(8) 0.110 1050 596, 200 0.616 857 2.14 37.71 
1Na ̶ ̶ ̶ 1052 596, 185 0.591 684 ̶ ̶ 
1Ba 1.5287(17) 3.7959(4) 0.203 1055 
596, 
200 0.805 99.7 6.47 ̶27.63 
1Sr ̶ ̶ ̶ 1058 596, 223 0.880 87.0 ̶ ̶ 
2K ̶ 3.6893(11) 0.002 ̶ 
521, 
890 ̶ ̶ ̶ ̶ 
2Ba ̶ 3.7217(4) 0.071 ̶ 500, 700 ̶ ̶ ̶ ̶ 
aFrom ref 50 
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cases, the current increases linearly with the square root of the scan rate, indicating electron 
transfer is under diffusion control (Figure 3.6). E1/2 values can be accurately obtained using the 
midpoint potential of quasi-reversible redox events.79 The MnV/VI reduction potentials for A, 1K, 
1Na, 1Ba and 1Sr are 0.427, 0.616, 0.591, 0.805, and 880 V versus Fe(C5H5)2+/0, respectively 
(Table 1).  
 The similar electronic structure and accompanying increase in redox potential between A 
and 1M is likely due to an electric field potential from the cation, which we have characterized in 
other metal complexes with this ligand framework, described previously in Chapters 1 and 2 of 
this report.76, 80 We previously demonstrated we can estimate the magnitude of the electrostatic 
effect by modelling the non-redox active cation as a point charge.76 By this model, the electric 
field potential at Mn is dependent on the point charge q (1 for K+/Na+ and 2 for Ba2+/Sr2+) and its 
distance (r) from Mn. For 1K and 2Ba, the distance r is nearly the same in the solid state (Table 
1), and each sequential increase in charge leads to a positive shift in the reduction potential of 189 
mV. The doubling of the positive shift in redox potential between 1K and 1Ba relative to A is 
consistent with a doubling of the electric field potential from a monocation to a dication.   
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Figure 3.5: Scan-rate dependent cyclic voltammetry of A (top), 1Na (middle left) and 1K (middle 
right), 1Sr (bottom left) and 1Ba (bottom right) with scan rate ranging from 25 mV/s to 1000 mV/s. 
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3.3.3 N–N Coupling Kinetic Studies 
 Chemical oxidation was used to characterize the oxidized product and determine whether 
the electron transfer is metal or ligand based. Although aminium cations have previously been 
used to oxidize MnV nitrides,1 their solubility properties and stability in acetonitrile preclude their 
	
	
Figure 3.6: Plot of current versus square root of scan rate of Mn(N)salen (1) (black, R2 = 0.985, 
0.990), 1Na (green, R2 = 0.982, 0.992) 1K (red, R2 = 0.991, 0.993), 1Sr (orange, R2 =0.999,  0.999) 
and 1Ba (blue, R2 = 0.988, 0.990). All show a linear relationship, indicating that MnV/VIN reduction 
processes are diffusion limited. 
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use with 1K and 1Ba. Nitrosonium or thianthrenium cations were employed instead. Addition of 
the chemical oxidant into a thawing CH3CN solution of 1K or 1Ba and quick mixing at low 
temperature allowed characterization of the oxidized species by perpendicular mode EPR. The 
EPR spectra of both species taken at 77 K showed a six-line pattern with a g value around 2, 
signifying a radical residing on an atom with a nuclear spin of 5/2 (Figure 3.7) and consistent with 
a MnVI species.38, 40  
 The EPR and UV-visible spectroscopic experiments with 1K and 1Ba indicate the 1M 
derivatives behave in a chemically similar fashion as the previously reported MnN(salen) 
derivatives. One electron oxidation results in a putative MnVIN species which can couple to form 
N2 and regenerate the MnIII species as shown in eq 3.1.  
 The one-electron oxidation of A or 1M followed by bimolecular coupling represents an EC 
mechanism (electron transfer followed by a chemical step), which is evident in the scan-rate 
dependent cyclic voltammograms (Figure 3.5, top). At scan rates slow relative to the chemical step 
(observed with A and 1K in Figure 2 and 1Na in 3.8), no corresponding reduction event is observed 
after oxidation (or electrochemical oxidation is irreversible due to the chemical step). Upon 
scanning to more negative potentials (Figure 3.8, bottom), a new reduction event appears that 
matches the MnIII/II couple from the independently prepared respective MnIII complexes. The redox 
event assigned to the MnIII/II couple is absent if MnVN is not first oxidized before scanning 
anodically. At faster scan rates for A, 1K, and 1Na the anodic peak current (ia) of the MnNV/VI 
couple increases relative to the cathodic peak current (ic), (Table 3.3 and 3.4). At the highest scan 
rates for A, 1K, and 1Na ic/ia approaches 1 but does not achieve unity. Thus, the MnIII/II couple 
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from the reaction product is still observed at the highest scan rates. For 1Ba and 1Sr, the ic/ia is 
about 1 at all scan rates, indicating the chemical step is slow and consistent with an absence of a 
MnIII/II peak corresponding to product (Table 3.3). The turnaround potential for 1Sr was taken 
slightly negative of 1Ba (Figure 3.5), resulting in a shorter timeframe to evaluate the chemical 
step, but ic/ia quickly becomes about 1 at scan rates of 100 mV/s and higher. 
 
 
Figure 3.7: Perpendicular mode EPR spectra of oxidized 1K (red) and oxidized 1Ba (blue), as 
trapped intermediates in oxidation of 1K and 1Ba by NO+ at 77K. Both spectra exhibit a g-value 
around 2, with a six-line pattern, indicating S = 1/2 radical that resides on a I = 5/2 Mn center. 
Residual NO+ can be observed in the blue spectrum which causes it to deviate from an ideal six-line 
pattern. 
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Figure 3.8: Top: Cyclic voltammetry of Mn(N)salen (A) (black), 1Na (dark green), 1K (red), 1Sr (light 
green), and 1Ba (blue), showing MnV/VIN redox couple. Current values have been normalized as a visual 
aid. Bottom: Representative cyclic voltammetry for MnN(salen) (A) (black), and 1K (red), showing 
absence of MnIII/II redox couple when oxidation of MnVN to MnVIN does not first occur. All cyclic 
voltammograms were taken at 100 mV/s. 
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 The scan rate dependent cyclic voltammograms suggests the rate of the chemical step (N–
N coupling) decreases from A, 1K/1Na, and 1Ba/1Sr. Slow electron transfer at high scan rates 
complicates determination of the reaction rate using cyclic voltammetry. As a result, we turned to 
UV-vis spectroelectrochemistry to measure the temperature dependent rate constants for the 
chemical step (Figure 3.10, 3.11, 3.13, and 3.14). MnN(salen) (A) and 1M were oxidized in situ 
using a honeycomb electrode in a UV-visible spectroelectrochemical cell at a potential 200 mV 
positive of their respective oxidation potentials and the rate of MnIII formation was monitored. 
 At a temperature of 20 °C, the rates of N–N coupling for 1Sr, 1Ba, 1Na, 1K, and A are 87, 
99.7, 684, 857, and 2166 M-1s-1, respectively. We have been unable to measure an equilibrium 
constant for cation occupancy in 1M due to synthetic challenges in isolating analytically pure 
complexes without any cation present. However, addition of 10 equivalents of the salts Ba(OTf)2 
and K(OTf) to 1Ba and 1K, respectively, did not lead to any appreciable differences to the 
reversibility of the MnV/VI redox couple (Figure 3.12). As a result, it is not likely that equilibria 
involving partial occupancy of the crown moiety plays a major role in the reaction rate.  
 The same experiment was repeated at -20, -10, 0, and 10 °C with A, 1K, and 1Ba. An 
Eyring plot (see Table 3.1 and Figure 3.9) was used to derive the enthalpy (ΔH‡) and entropy of 
activation (ΔS‡). All three species have negative entropies of activation, suggesting an associative 
mechanism in the rate-determining step. The enthalpies of activation increase from A to 1K to 
1Ba, which corresponds with our measured reaction rates.  
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Figure 3.9: Eyring Plot of MnN(salen) (A) (black), 1K (red), and 1Ba (blue), showing linear 
relationships between ln(k/T), where k is a second-order rate constant and T is temperature in K, and 
1/T, according to the Eyring equation: !" #$ = &−()‡+ × 1$. + !" #0ℎ + (2‡+  
 
 
 
 
 
 
 
Figure 3.10: Kinetic trace of electrochemical oxidation of MnN(salen) (A) (black), 1K (red), 1Ba 
(blue) plotted according to a second-order rate law. 
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Figure 3.11:  Top: UV-vis spectra of 2K as product from oxidation (black trace) and as individually 
synthesized product (red trace). Bottom: UV-vis spectra of 1K with addition of NO+ in CH3CN solution 
demonstrating the conversion to MnIII (2K) following reductive N–N coupling. 
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Figure 3.12: Cyclic voltammetry titrations of 1Ba (top) and 1K (bottom) with excess triflate salts.  
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Figure 3.13: Electronic absorbance spectra from electrochemical oxidation in UV-visible 
spectroelectrochemical cell of A (top), 1K (middle), and 1Ba (bottom), each line represents a time point 
10 s apart. (Black spectrum at t = 0 and blue spectrum at the end point). 
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Figure 3.14: Electronic absorbance spectra before (black) and after (blue) electrochemical oxidation in 
UV-visible spectroelectrochemical cell of 1Na (top), and 1Sr (bottom). 
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3.3.4 Attempted C–H Bond Activation with 1Ba 
 The stabilization of the MnVIN intermediate during oxidative N-N coupling provides an 
opportunity to exploit this reactive metal nitride species for useful transformations. 
Dihydroanthracene was chosen as a substrate as it readily undergoes C-H bond activation due to 
the low bond dissociation free energy of its benzylic C-H bonds (79 kcal/mol81). Initial cyclic 
voltammograms demonstrated an increase in current upon adding one equivalent 
dihydroanthracene (DHA) to an electrolyte solution of acetonitrile solution and 1Ba, which 
increased upon the addition of further equivalents (Figure 3.15). Subsequently, a bulk electrolysis 
 
Figure 3.15: Cyclic voltammograms demonstrating catalytic current increase associated with 
the addition of dihydroanthracene (DHA) to 1Ba in acetonitrile. Inset figure shows an 
expanded view of the MnV redox couple. 
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(BE) experiment was conducted to attempt to 
identify any products formed during the reaction. 
The experiment was conducted in CD3CN so that 
1H NMR spectrscopy could be used to identify the 
products of the reaction. After the experiment, the 
post-BE solution was passed through a silica gel 
column with 10:2.5 Hex:EtAc in order to remove 
the large excess of electrolyte that would interfere 
with NMR analysis. The 1H NMR spectrum of the 
post-BE solution revealed a large excess of residual 
DHA, along with small amounts of anthracene, with no other detectable products (Figure 3.16). 
GC/MS analysis of the post-BE solution also failed to identify any other products of the reaction. 
A similar bulk electrolysis experiment was also conducted using the isotopically labelled 
Mn(15N)Ba complex to identify any nitrogen containing products (Figure 3.17). The initial 
spectrum shows a peak at 244.77 ppm corresponding to the MnV(15N) species. Upon addition of 
DHA, a second peak is observed at 379.40 ppm, which ultimately diminishes over time. This 
species has been assigned as an MnV(NH) species based on a similar signal observed during 
protonation studies, discussed in Section 3.3.5. A likely mechanism for this reaction is shown in 
Scheme 3.1, involving a hydrogen atom transfer from DHA to the activated nitride ligand of the 
oxidized MnVIN complex. The resulting MnV(NH) species is known to be extremely acidic, since 
the MnV(N)Ba complex  
 
Scheme 3.1: Possible mechanism for 
anthracene formation from DHA 
catalyzed by 2Ba. 
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Figure 3.17: 15N NMR spectra before and after bulk oxidation of isotopically labelled 
2Ba in the presence of DHA. 
 
Figure 3.16: 1H NMR spectra of bulk electrolysis solutions before and after oxidation 
in CD3CN, with dihydroanthracene and anthracene shown for reference. 
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could not be protonated with triflic acid in previous experiments. The acidic proton is then likely 
removed, regenerating the MnVN starting material. 
3.3.5 MnN Protonation Studies 
 
 The protonation of the MnN complexes was explored to better understand the effects of 
electrostatic interactions on the pKa of metal-bound substrates. The acid-base chemistry of metal 
nitrides has an important role in the reduction of dinitrogen, or alternatively, the oxidation of 
ammonia. Both of these reactions are relevant to chemical fuel synthesis/utilization, and are further 
motivation for exploring this chemistry. Upon protonation, MnN Schiff base compounds are 
known to be unstable and decompose through a bimolecular pathway82 (Scheme 3.2). Based on 
the existing findings from the N–N coupling studies, additional cationic charge resulting from the 
encapsulated metal ion should inhibit bimolecular interactions, and the withdrawal of electron 
 
 
Scheme 3.2: Proposed mechanism for decomposition following the protonation of MnN 
Schiff base complexes based on ref. 82. 
 
 
L
MnV
N + HA
MnV
NH
L MnV N
H
H
N MnV L N2 + MnII + 2 HA2
+ MnII + 2 HA2
L
MnV
NH
MnIII3 + NH3
Net reaction: MnV
N + 3 HA3 MnIII3 + NH3 + 2 N2
  
 
124 
density should increase the acidity of the manganese nitride. Stabilization of the MnVN species 
would be beneficial for utilizing this species for useful reactivity such aziridination54, 57, 73 
 A survey of acid sources showed that anilinium salts were sufficiently strong to protonate 
1K and Mn(N)salen-OMe.83 However, no reaction was observed with triflic acid and 1Ba in 
acetonitrile. Attempts to protonate 1B have so far been unsuccessful (Scheme 3.3). 1H NMR was 
used to measure the extent of protonation by exploiting the slow timescale of nuclear magnetic 
resonance spectroscopy to measure the equilibrium between the anilinium salt and its conjugate 
base. The chemical shifts of the aromatic protons in the acid/conjugate base pair can be used to 
determine the mole fraction of both compounds in equilibrium.84-85 Attempts to determine pKa 
values using this method were unsuccessful due to a slow decomposition of the manganese nitrene 
to MnIII(scheme 3.1). 15N NMR experiments were carried out to determine whether a protonated 
 
 
Scheme 3.3: Acid sources used for the protonation of MnN(salen-OMe), 1K, and 1Ba (ref. 
83). 
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species could be detected spectroscopically. Upon addition of 4-cyanoanilinium to 15N-labelled 
1K, a new peak is observed at 379.47 ppm (Figure 3.18). This peak is similar to that observed 
during the C–H bond activation studies with 1Ba (Figure 3.17). 
3.3.6 Attempted Electrocatalytic Ammonia Oxidation 
 Previous studies involving the oxidative N-N coupling reaction of MnVI(N)salen 
complexes indicate the potential for a closed catalytic cycle for ammonia oxidation. The 
aforementioned N-N bond forming step to form dinitrogen and MnIII(salen) is the last step in an 
ammonia oxidation mechanism, while the synthesis of the initial Mn(N) complexes involves the 
oxidation of MnIII(salen) in the presence of NH4OH (see experimental section) using sodium 
hypochlorite as the oxidant. An electrochemical cycle for the oxidation of ammonia with 
 
Figure 3.18: 15N NMR spectrum of 1K (top) with added equivalents of 4-cyanoanilinium 
(middle) and triflic acid (bottom). 
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MnIII(salen) can be conceived if the MnVN can be generated electrochemically using NH4OH or 
NH3 and a proton acceptor. Reactivity studies with MnIII(salen) and NH3 under various conditions 
are herein described.  
MnCl(salen) reactivity with ammonium hydroxide, DMF: Initial studies investigated the 
reactivity of MnIIICl(salen) with ammonium hydroxide in dimethylformamide by cyclic 
voltammetry. DMF was first chosen as a solvent for these studies because it was used with the 
Mn(N) experiments carried out in previous work. A 0.5 M NH4OH (aq) stock solution was used 
for the cyclic voltammetry experiments (Figure 3.20). Upon the addition of either 1 or 11 
equivalents of NH4OH, a large anodic current enhancement was observed with an onset of 0.25 V 
versus the ferrocene/ferrocenium redox couple. Unfortunately, NH4OH reduction at the glassy 
carbon electrode takes place at a nearly identical potential, complicating efforts to investigate these 
reaction conditions further. However, the current increase for the NH4OH oxidation is larger in the 
presence of MnIIICl(salen), which could be a sign that catalysis is taking place. 
MnCl(salen) reactivity with NH3 + Base 
  The use of aqueous ammonia solutions as a substrate source created issues with water 
oxidation, so NH3 in THF (400 mM) was used instead. This modification to the reaction conditions 
also allows for selection of exogenous bases that may avoid the background oxidation observed 
with NH4OH. A wide survey of bases was conducted, including various hydroxides, carbonates, 
acetates, and amines, but unfortunately there was not a suitable candidate for NH3 oxidation studies 
that was both soluble and oxidatively stable at the required potential for catalysis to take place.  
MnIII(salen)(OTf) reactivity with NH3 only 
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 The triflate salt of MnIII(salen) was synthesized in order to determine if anion coordination 
was interfering with ammonia binding. Cyclic voltammetry studies of this complex in the presence 
of a large excess of ammonia (60 mM NH3: 1 mM Mn) show new anodic features and increased 
potentials that do not correspond to direct oxidation of ammonia (Figure 3.21). It is possible that 
this is indicative of catalysis, but future experiments are required to conclusively determine this 
using isotopically labelled NH3 and analyzing the product headspace for 15N2. While this result is 
exciting, the potentials required for this possible reactivity are considerable and optimization 
would need to take place for meaningful catalysis to be enabled.  
Mn(salen)(OTf) reactivity with NH3 in H2O 
 The triflate salt of the MnCl(salen) complex is fairly soluble in water, enabling reactivity 
studies under aqueous conditions. In unbuffered solutions, using excess KOH, catalytic water 
oxidation occurred readily, masking any other redox activity at oxidizing potentials. Using 
buffered solutions of pH 7.0 and 9.4, similar issues were observed as shown in the red traces in 
Figure 3.20. Upon the addition of ammonia to the MnIII(salen)(OTf) solution, there appears to be 
a very slight increase in current that could be indicative of reactivity. Unfortunately, the 
background anodic reactions occurring at these potentials not only make the targeted reactivity 
ambiguous, but also  make selective catalysis impractical. In order for aqueous ammonia oxidation 
to be viable for study with manganese salen systems, the reactivity would have to be shifted to 
significantly more negative potentials. 
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Figure 3.19: Cyclic voltammograms of MnIIICl(salen) with 1 eq. (left) and 11 eq. (right) of 
NH4OH added as a 0.5 M stock solution in water. All scans take place in dimethylformamide at a 
scan rate of 100 mV/s. 
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Figure 3.20: Cyclic voltammograms of MnIII(salen) in the presence of excess ammonia 
in dimethylformamide. All cyclic voltammograms were taken at a scan rate of 1000 
mV/s, with ammonia being titrated from a 400 mM solution of tetrahydrofuran. 
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Figure 3.21: Cyclic Voltammograms from MnIII(salen)(OTf) reactivity studies with ammonia in 
aqueous phosphate buffer solutions with additional 200 mM KCl as a supporting electrolyte. 
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3.4 Conclusions  
In prior studies with neutral MnN salen complexes, addition of electron-withdrawing ligand 
substituents leads to more oxidizing MnVIN complexes which predictably leads to higher rates of 
coupling to form N2. We find that incorporation of cationic charges leads to the opposite trend. As 
the charge increases, the oxidation potential shifts positive but the rate of bimolecular coupling 
decreases by an order of magnitude per charge, leading to an inverse linear free energy relationship 
(Figure 4).  
 The difference in the rate of bimolecular coupling between 1K and 1Ba is not likely due 
to steric effects. K+ and Ba2+ have similar ionic radii of 138 and 135 pm,86 respectively, so the 
steric profile of 1K and 1Ba are similar. We note the vibrational stretching frequency of Mn≡N is 
consistent with a mild increase in bond strength for 1M versus A (Table 3.1), which may contribute 
to the observed decrease in rate. The slightly higher vibrational frequencies observed in 1M may 
reflect a vibrational Stark effect from the electric field potential generated from the cation, which 
was observed in the prior Co analogues of this ligand.76 However, the differences in bond force 
constant were calculated to be quite small (Table 3.2). Therefore, we believe the major contribution 
to the rate differences is through electrostatic repulsion that increases with increasing charge. 
 The effect of charge on N2 coupling was previously explored in Ir nitride complexes, but 
the charge differences were due to oxidation of the complex so that cationic effects could not be 
isolated from changes in electronic structure.25 In this ligand framework, we can modify the charge 
without changing the oxidation state of the metal or primary coordination sphere. As a result, 
incorporation of a mono- or dication presents an effective route to overriding the electronic effects 
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observed using inductive ligand modifications. The result is metal nitrides that are both more 
oxidizing and more stable to bimolecular quenching, properties that could not be accessed through 
the use of inductive ligand modifications.  
 Steric interactions are commonly used to mitigate undesirable bimolecular reaction 
pathways but may also negatively affect substrate reactivity. In contrast, adjusting charge has the 
potential to inhibit bimolecular reactivity without affecting interactions with neutral substrates.87 
For example, a series of monometallic iron salen complexes were known to catalyze the aerobic 
oxidation of allylic C-H bonds. Total catalyst turnover number was limited by formation of inactive 
Fe-O-Fe complexes.88-90 In our prior study of Fe analogues of 1K and 1Ba, we found that 
increasing cationic charge led to progressively slower rates of bimolecular aerobic deactivation 
and higher overall turnover numbers.80 Another potential application exists to improve many olefin 
metathesis catalysts, where bimolecular reactivity is a major decomposition pathway.72, 87, 91-92  
The incorporation of cationic charge presents an alternative strategy for constructing 
reactive complexes or catalysts that may otherwise deactivate through bimolecular coupling. It is 
demonstrated herein that non-redox active cations can be utilized in transition metal complexes to 
both modulate the redox potential and reactivity. 
 C-H bond activation was not observed with 2Ba and dihydroanthracene upon 
electrochemical oxidation of the Mnv(N) species, with only anthracene observed in the product 
mixture following controlled potential electrolysis. The mechanism of this catalysis likely involves 
H-atom transfer to the MnVI(N) species followed by deprotonation to regenerate MnV(N) (Scheme 
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3.1). Future studies could be carried out with the less acidic 1K, which would likely persist longer 
as the MnV(NH) species and could result in a change in observed reactivity. 
 Protonation of 1K led to a decomposition to 2K (Figure 3.1), likely through the same 
pathway observed in similar Mn(N) Schiff base compounds.82 Attempts to calculate the pKa of this 
species were thwarted by subsequent reactivity of the manganese nitrene protonation product. 
Although discrete values could not be obtained since decomposition prevented equilibration, 
chemical reactivity studies indicate acidity increases with the cationic charge of M to the extent 
that 1Ba cannot be protonated using proton sources as strong as triflic acid.  
 Catalytic ammonia oxidation with A (Figure 3.1) was pursued based on the observed N–N  
coupling and synthetic procedures for synthesizing the MnV nitride complexes (see 3.5: 
Experimental Details), which revealed a potential electrocatalytic cycle.. Electrochemical 
experiments did not show conclusive evidence of ammonia oxidation. However, the redox 
potentials required to reach the MnIV/III couple were too close to the substrate oxidation window at 
the glassy carbon electrode, so interpretation of any faradaic processes associated with Mn are 
difficult. Regardless, the fact that catalysis, if any, is occurring concomitantly with direct ammonia 
oxidation at the electrode surface is indicative of a very poor performing electrocatalyst. In order 
to be studied further in this context, the MnIV/III redox potential must be shifted to significantly 
lower values. 
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3.5 Experimental Details 
General Considerations 
All reagents were purchased from commercial suppliers and used without further 
purification. Unless otherwise noted, all organic chemical manipulations were performed under 
ambient conditions. Compounds were purified via flash column chromatography using Sorbent 
Technologies 60 Å, 230–400 mesh silica gel. Unless otherwise noted, inorganic metal 
complexations were performed in a Vacuum Atmospheres Co. dry box under a nitrogen 
atmosphere. Anhydrous solvents were sparged with UHP argon (Praxair) and passed through 
columns containing Q-5 and molecular sieves before use. 1H and 13C{1H} NMR and spectra were 
recorded at 500 MHz and 600 MHz on Bruker instruments.  
1H NMR spectra chemical shifts are reported as δ values in ppm relative to residual protio 
solvent: CDCl3 (7.26 ppm), CD3CN (1.94 ppm). Proton NMR data are reported as follows: 
chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet), coupling 
constants (J) in Hertz (Hz), and integration. Multiplets (m) are reported over the range (ppm). 
Electrospray ionization mass spectra (ESI-MS) were obtained on a Micromass LCT and collected 
at the University of California-Irvine Mass Spectrometry Facility. Elemental analyses were 
performed on a Perkin Elmer 2400 Series II CHNS elemental analyzer. Ultraviolet-visible (UV–
vis) spectra were collected in a 10 mm or 1 mm pathlength pathlength quartz cuvette, using an 
Agilent Technologies Cary 60 UV–vis spectrometer and 8453 Diode-array UV-vis spectrometer 
equipped with Unisoku Unispeks cryostat. X-band (9.28 GHz) EPR spectra were collected as 
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frozen solutions using a Bruker EMX spectrometer equipped with an ER041XG microwave 
bridge.  
Electrochemical experiments were performed under an atmosphere of nitrogen in a solution 
containing 0.2 M (nBu)4NPF6 in acetonitrile. Glassy carbon was used as the working and auxiliary 
electrode and a silver wire was used as a pseudoreference electrode. Ferrocene was used as an 
internal standard, and all potentials are referenced to the ferrocenium/ferrocene couple. Cyclic 
voltammetry experiments were performed with a Pine Wavedriver 10 or 20 potentiostat and Pine 
Aftermath software version 1.2.7359.  
UV-visible spectroelectrochemistry experiments were conducted in a commercially 
available UV-vis spectroelectrochemistry kit from Pine Instrument with Pt working/counter 
electrode and Ag wire as a pseudo reference electrode. Ferrocene was used as an internal standard. 
X-ray diffraction studies were carried out at the UCI Department of Chemistry X-ray 
Crystallography Facility on a Bruker SMART APEX II diffractometer. Data were collected at 100 
K using Mo Kα radiation (λ = 0.71073 Å). A full sphere of data was collected for each crystal 
structure. The APEX21 program suite was used to determine unit-cell parameters and to collect 
data. The raw frame data were processed and absorption corrected using the SAINT1 and 
SADABS2 programs, respectively, to yield the reflection data files. Structures were solved by 
direct methods using SHELXS and refined against F2 on all data by full-matrix least-squares with 
SHELXTL.3 All non-hydrogen atoms were refined anisotropically. Non-aquo hydrogen atoms 
were placed at geometrically calculated positions and refined using a riding model, and their 
isotropic displacement parameters were fixed at 1.2 (1.5 for methyl groups) times the Ueq of the 
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atoms to which they are bonded. Aquo ligand’s hydrogen atoms were located in the difference 
map, and their positions and displacement parameters were refined freely. 
Physical Methods 
Synthesis of 1M (M = Na+, Sr2+) 
 
 Method 1: Under an inert atmosphere, the ligand with Na+ or Sr2+ (0.05 mmol, 1 equiv) 
and Mn(OAc)2·4H2O (13 mg, 0.05 mmol, 1 equiv) was dissolved in 1 mL EtOH before being 
heated at 50°C for 1 hour. After cooling down to ambient temperature, solvent was removed in 
vacuo and the orange solid was re-dissolved in 1 mL CH3CN. A concentrated CH3CN solution of 
AgOTf (13 mg, 0.05 mmol, 1 equiv) was added and the solution immediately turned brown with 
precipitate. After stirring for 1 hour, a white solid was separated by filtration and the filtrate was 
collected and concentrated. The solid was then dissolved in methanol at room temperature before 
aqueous NH4OH (6 M, 0.2 mL, 1.2 mmol, 24 equiv) was added to the solution dropwise. The 
brown solution turned into brown suspension. While stirring vigorously, Clorox® bleach solution 
(approximately 0.7 M, 0.2 mL, 0.15 mmol, 3 equiv) was added dropwise which turned the mixture 
green. The solution was stirred for another 15 minutes before extraction with CH2Cl2 (3x15 mL). 
The combined organic layer was dried using anhydrous MgSO4, and solvent was removed in 
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vacuo. At this point, 1.0 equiv of corresponding M(OTf)n salt was added to concentrated CH3CN 
solution and recrystallized by Et2O diffusion into CH3CN solution. Excess M(OTf)n salt was 
washed by cold dimethoxyethane (DME) and then the solid was recrystallized again to yield the 
purified 1M. 
1Na: Yield 17 mg (44%), ESI-MS m/z calcd C22H24FMnNaN3O6 504.1 (M+-CF3SO3), found 
504.0, Calcd C23H26F3NaMnN3O9S (653.04 g·mol–1): C, 42.28; H, 3.70; N, 6.43. Found: C, 42.19; 
H, 3.74; N, 6.46. UV-vis absorption, λmax, nm (ε, M-1cm-1) 227 (46,800), 285 (27,300), 376(6,900), 
596 (184). IR (Mn—N) 1052 cm-1. 1H NMR (600 MHz, CD3CN) δ 8.32 (s, 2H), 7.04 (ddd, J = 
14.39, 7.93, 1.42 Hz, 4H), 6.75 (t, J = 7.88 Hz, 2H), 4.11 (m, 4H), 4.03 – 3.96 (m, 2H), 3.94-3.91 
(m, 2H) 3.83-3.68 (m, 6H). 13C NMR (125 MHz, CD3CN) δ 167.70, 156.10, 149.01, 125.71, 
119.81, 117.32, 116.42, 115.52, 69.24, 67.76, 66.84, 60.95. 
1Sr: Yield 26 mg (42.6%), ESI-MS m/z calcd C23H24SrF3MnN3O9S 718.0 (M+), Found: 717.6 
Calcd C24H24SrF6MnN3O12S2 (866.92 g·mol–1): C, 33.24; H, 2.79; N, 4.85. Found: C, 33.08; H, 
2.81; N, 4.85. UV-vis absorption, λmax, nm (ε, M-1cm-1) 224 (42,200) 290 (23,900), 365 (5,600), 
596 (260). IR (Mn—N) 1058 cm-1. 1H NMR (600 MHz, CD3CN) δ 8.39 (s, 2H), 7.17 (ddd, J = 
31.7, 8.0, 1.4 Hz, 4H), 6.89 (t, J = 8.0 Hz, 2H), 4.33-4.27 (m, 4H), 4.16 (m, 2H), 4.08 (td, J = 10.0, 
2.7 Hz, 2H), 3.99 – 3.91 (m, 4H), 3.88 – 3.84 (m, 2H), 3.82 -3.76 (m, 2H), 13C NMR (125 MHz, 
CD3CN) δ 167.80, 159.79, 147.94, 126.75, 119.97, 117.93, 117.32, 116.38, 70.04, 68.47, 66.99, 
60.96. 
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Variable Scan Rate Cyclic Voltammetry Experiment 
Cyclic voltammetry of 0.2 mM of 1M or 2M solutions were measured from 10 mV/s to 10,000 
mV/s. Non-faradaic currents were measured and plotted with square root of scan rate, yielding a 
straight line, indicating a diffusion-limited process. 
UV-vis spectroelectrochemistry experiments 
0.3 mL of 200 µM Mn complex in 0.2 M TBAPF6 MeCN solution was placed into a Pine UV-
visible spectroelectrochemistry setup. The solution was electrolyzed at 200 mV from the anodic 
peak while single wavelength measurements were used to monitor the reaction progress. Before 
and after each electrolysis, a UV-vis spectrum was performed before and cyclic voltammogram 
was measured.  
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Figure 3.22:	1H NMR spectra of 1Na, 1K, 1Sr and 1Ba in CD3CN. 
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Figure 3.23:	1H NMR spectra of 1Na, 1K, 1Sr and 1Ba in CD3CN. 
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Table 3.2: Table of different Mn-nitrido derivatives with force constant (k) calculated from MnV≡N 
stretch measured by IR spectroscopy, and bond lengths obtained from solid-state structures. 
Entry Name Derivatives Mn≡N stretch (cm ̶ 1) k (N/m) 
Bond 
Length (Å) Reference 
1 A 
 
1047 720.70 1.512 52 
2  
 
1052 726.80 -- This work 
3 1K 
 
1050 724.19 1.528 This work 
4  
 
1058 735.12 -- This work 
5 1Ba 
 
1055 731.73 1.529 This work 
6 ̶ 
 
1047 720.70 1.51 52 
7 B 
 
1045 717.94 1.514 1 
8 C 
 
1043 715.20 1.526 1 
9 D 
 
1042 713.83 1.526 1 
8 ̶ 
 
1036 705.63 1.515 68 
 
Na+
(OTf)
Sr2+
  
 
142 
Table 3.3: Tabulated data for ia/ic ratio and peak-to-peak separations (Ea  ̶Ec) at scan rate from 25-
10,000 mV/s. At 100 mV/s under our conditions, the internal ferrocene used as a standard typically 
has an Ea-Ec between 65-75 mV. 
Scan rate 
(mV/s) 
1: MnV/VI couple 1K: MnV/VI couple 1Ba: MnV/VI couple 
ic/ia  Ea-Ec (V) ic/ia Ea-Ec (V) ic/ia Ea-Ec (V) 
25 0.5706 0.1234 0.5227 0.1346 1.0655 0.1020 
50 0.4518 0.1087 0.4688 0.1298 0.9877 0.1120 
100 0.4332 0.1190 0.4771 0.1248 0.9001 0.1170 
250 0.4347 0.1035 0.5153 0.1497 1.0265 0.1270 
500 0.5591 0.1186 0.5826 0.1548 1.0587 0.1780 
1000 0.6674 0.1149 0.6558 0.1734 1.0897 0.2050 
2500 0.7323 0.1541 0.7220 0.2025 1.0544 0.2310 
5000 0.8764 0.1923 0.8188 0.2240 0.9579 0.4080 
10000 0.8807 0.3045 0.7772 0.3093 1.0347 0.4190 
 
 
Table 3.4: Tabulated data for ia/ic ratio and peak-to-peak separations (Ea  ̶Ec) at scan rate from 20-
5,000 mV/s. At 100 mV/s under our conditions, the internal ferrocene used as a standard typically 
has an Ea-Ec between 65-75 mV. 
Scan rate (mV/s) 
1Na: MnV/VI couple 1Sr: MnV/VI couple  
ic/ia  Ea-Ec (V) ic/ia  Ea-Ec  (V) 
20 0.6362545 0.0894 0.66322478 0.0606 
50 0.4079602 0.0949 0.72960639 0.0758 
100 0.3758074 0.0945 0.90993072 0.0759 
250 0.42258652 0.1039 0.94091269 0.08 
500 0.59475167 0.0954 0.9667171 0.0958 
1000 0.55752212 0.112 1.05165705 0.12 
5000 0.72490066 0.1424 1.10918953 0.1576 
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APPENDIX A: 
SYNTHETIC EFFORTS TOWARDS THE 
DEVELOPMENT OF AN ASYMMETRIC 
HETEROBIMETALLIC LIGAND SCAFFOLD 
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A.1. Motivation and Specific Aims 
 Prior to this effort, two types of salen-derived heterobimetallic scaffolds had previously 
been examined for applied to CO2 reduction activity in the Yang Lab. The first (Figure A.1a), 
discussed in the main text of this work,  a crown ether-containing salen motif that incorporates 
redox-inactive group I or II metal, discussed in other applications in the main text of this work.   
The second (Figure A.1b) is a symmetrical disalen framework that houses two transition metals in 
close proximity.  
A.2. Background 
 The NiFe carbon monoxide dehydrogenase (CODH) enzyme carries out the reversible 
anaerobic oxidation of CO to CO2 in biological systems at -0.52 V vs. SHE, near the 
thermodynamic potential.1 Structural characterization of the CODH enzyme revealed the presence 
of a cubane [NiFe4S4] active site, with a proximal Fe in close proximity to the catalytic Ni2+ center, 
located only 2.8 Å away.2 Further investigation of CO2 reactivity led to structural characterization 
	
 
Figure	A.1:	A)	Crown	salen	framework	for	heterobimetallic	complexes	containing	a	transition	metal	and	a	Lewis	acid	cation.	B)	Disalen	framework	for	heterobimetallic	transition	metal	complexes.			C)	Bis-pincer	complexes	described	herein. 
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indicating a cooperative binding interaction between both of these metal sites and CO2.3  In 
addition to the close metal-metal distance, other notable structural features are the formation of a 
seven-membered ring upon CO2 binding and the presence of open coordination sites on both 
metals.  
 In designing new ligand frameworks, structural inspiration is taken from the NiFe CODH 
enzyme. An existing synthetic system that serves as a good starting point is a bimetallic palladium 
complex by Dubois.4-5 These complexes are supported by two triphosphine units linked by a 
methylene bridge. Compared to the monometallic species, the bimetallic complexes displayed a 
two order of magnitude increase in turnover frequency. Kinetic studies indicated that two 
palladium atoms and one CO2 molecule were involved in the rate limiting step, demonstrating 
metal-metal cooperativity. However, very low turnover numbers resulted from irreversible metal-
metal bond formation upon reduction to a Pd(I)-Pd(I) species. This bis-pincer ligand motif was the 
main source of inspiration for the compounds discussed in this report.   
A.3. Discussion 
 The ligand design was carried out with several objectives in mind. The ligand framework 
must house two metal centers with open coordination sites for CO2 coordination. A tridentate 
pincer-type ligand would be preferable in this sense because it can form square planar CO2 adducts. 
Additionally, the two metal binding sites would ideally be electronically nonequivalent  to infer 
Lewis acid/base cooperativity. Electronically nonequivalent sites would allow separate  reduction 
potentials for each metal and prevent two-electron reduction and potential metal-metal bond 
formation. The urea backbone of the ligand framework was utilized to enforce a rigid, seven-
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membered chelate upon CO2 coordination as well as for synthetic practicality. Using reported 
methods for asymmetric urea preparations, the addition of each pincer moiety can be carried out 
stepwise to develop a scaffold with two different binding sites (See A1 and A2 in Scheme A.1). In 
nearly all of this exploratory synthesis, the diphenylphosphine PNP compound, bis(2-
(diphenylphosphaneyl)ethyl)amine (PNHP-Ph2, Scheme A.1), was used due to its relative 
oxidative stability compared to other phosphines. If a feasible synthetic route had been developed, 
other derivatives would have been employed to reach the desired asymmetric ligands.  
Attempted Synthesis from Bis(4-nitrophenyl)carbonate: This electron deficient carbonate is 
known to undergo substitution with secondary amines, forming a urea compound and the loss of 
two equivalents of nitrophenol6 (Scheme A.1). One or two equivalents of a PNHP-Ph2 was added 
to bis(4-nitrophenyl)carbonate to form the single- or double-substituted compound (A1 and A2 in 
Scheme A.1, respectively). 31P NMR analysis of the resulting reaction solution showed several 
new species, indicating that clean conversion to the desired products did not occur. This route was 
eventually discarded in favor of the 4-nitrophenylchloroformate strategy described below. 
 
Scheme A.1: Proposed synthesis of A1 and A2 via bis(4-nitrophenyl)carbonate. A) 
toluene, 16 hr, B) CHCl3, 16 hr. 
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Synthesis of A1 from 4-nitrophenylchloroformate: This synthesis6  was a modification of the 
bis(4-nitrophenyl)carbonate route in which the coupling agent contained a very reactive acid 
chloride leaving group, and a relatively less reactive nitrophenolate group. The presence of 
inequivalent leaving groups generated less byproducts from the addition of one equivalent of 
pincer ligand to form A1 (Scheme A.2). It was proposed that A1 could undergo coupling with a 
second equivalent of a separate SNS or PNP equivalent to form an asymmetric bis-pincer ligand 
scaffold. Addition of PNHP-Ph2 to 4-nitrophenylchloroformateunder a dinitrogen atmosphere 
followed by purification of the reaction mixture by column chromatography yielded A1, confirmed 
by 31P NMR and mass spectrometry. 
Attempted PNHP-Ph2 Coupling with A1: It was hoped that the isolation of A1 would enable the 
synthesis of A2 and asymmetric analogues via a substitution with a second equivalent of PNHP-
Ph2  or similar pincer compound, and a wide range of strategies were used in this effort (Scheme 
A.3). Initially, PNHP-Ph2 was added to A1 in refluxing CH2Cl2 and monitored for 24 hours. TLC 
analysis of the reaction mixture failed to show the formation of product or conversion of starting 
materials, which was confirmed by 31P NMR. In order to increase the nucleophilicity of PNHP-
Ph2, various bases were employed to deprotonate the secondary amine. The first attempts with 
triethylamine and potassium carbonate B and C in Scheme A.3) showed no noticeable conversion 
of starting materials; a stronger base may be required. The next set of reaction conditions utilized 
  
Scheme A.2: Synthesis of A1 with 4-nitrophenylchloroformate. 
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KOtBu, but it was shown that the butoxide was too nucleophilic and underwent rapid substitution 
with A1 to form a tert-butyl ester. Finally, n-BuLi was used to deprotonate the amine prior to 
addition of A1, but these attempts yielded a wide range of products and likely involved significant 
decomposition of starting materials. Column chromatography of the resulting product mixture led 
to significant oxidation of the diphenylphosphine groups, which hindered further progress. 
 Synthesis from Carbonyl Diimidazole: This reagent is widely used to synthesize urea 
and can be used in some cases to generate asymmetric urea compounds by sequential additions of 
amine equivalents.7  Adding one equivalent of PNHP-Ph2 (Scheme A.4, top) in attempts to isolate 
A3 were unsuccessful due to the sensitivity of the carbonyl imidazole leaving group towards the 
silica gel matrix during column chromatography, and separation of products could not be achieved 
using basic alumina. In the attempted synthesis of A2 (Scheme A.4, bottom), the reaction products 
underwent significant oxidation during column chromatography and clean isolation of the desired 
product could not be achieved. 
  
Scheme A.3: Attempted synthetic route towards A1 coupling with PNHP-Ph2. A) CH2Cl2, 
N2, 24 hr., 40 °C, B) MeCN, N2,  K2CO3, 90 °C, 3 hr, C) THF, N2, KOtBu, 20 °C, 3 hr, D) 
THF, N2, n-BuLi, 20 °C, 20 min, E) THF, N2, n-BuLi, -108→20 °C.	
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  Synthesis from Triphosgene: The reaction of triphosgene with nucleophiles generates an 
equivalent of phosgene gas, a highly reactive electrophile that can undergo coupling with the amine 
groups to form the urea compounds.8 The singly coupled A4 intermediate (Scheme A.5) would be 
much more reactive than A1. Unfortunately, a wide distribution of products was observed by 31P 
NMR. The distribution of products, as well as safety concerns regarding the use of phosgene, led 
us to discard this route as a viable synthetic possibility. 
 
 
Scheme A.4: Proposed synthetic route to A3 and A2 using carbonyl diimidazole.	
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Scheme A.5: Proposed synthetic route to A2 using triphosgene.	
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Synthesis from Coupling Monometallic PNP Complexes: Due to difficulties with product 
purification during attempts to isolate A2, the synthesis was carried out with the monometallic 
Ni(PNHP-Ph2)(BF4)2 using carbonyldiimidazole as a coupling agent. The resulting bimetallic 
complex would subsequently be purified by crystallization.  The reaction of two equivalents of 
Ni(PNP)(BF4)2 with CDI in THF resulted in no color change, but the UV-vis spectrum displayed 
a peak shifting 464 nm to 439 nm over the course of the reaction. Multiple crystallization attempts 
were carried out to purify and identify the product, but only monometallic nickel complexes were 
observed. Unfortunately, NMR analysis was not useful for product identification due to the 
paramagnetism of the nickel species, which has been observed previously in nickel pincer 
complexes.9 
A.4: Experimental Details 
General Considerations: For synthesis containing air and moisture sensitive reagents or products, 
manipulations were carried out in a glovebox or using standard Schlenk techniques under an inert 
atmosphere of nitrogen. Unless otherwise noted, all experiments were carried out at room 
temperature (21-24 °C). Deuterated solvents were purchased from Cambridge Isotopes 
Laboratories, Inc. Reagents were purchased from commercial vendors and used without further 
  
Scheme A.6: Proposed synthetic route to A5 using CDI and Ni(PNHP-Ph2)(BF4)2 
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purification unless otherwise noted. PNHP-Ph2 was purchased as a hydrochloride salt, and the 
neutral amine was prepared according to literature procedures.10-11 
Physical Methods: NMR spectra were taken on a 600 MHz Bruker 600AVANCE (1H and 31P) at 
20 °C. Electrospray ionization mass spectrometry was performed using an ESI LC-TOF 
Micromass LCT 3 mass spectrometer. UV-vis spectra were collected in acetonitrile solutions using 
an Agilent Technologies Cary 60 UV−vis.  
X-ray Crystallography. X-ray diffraction studies were carried out at the UCI Department of 
Chemistry X-ray Crystallography Facility on a Bruker SMART APEX II diffractometer. Data was 
collected at 88 or 133 K using Mo Ka radiation (λ = 0.71073 Å). A full sphere of data was collected 
for each crystal structure.  The APEX21 program suite was used to determine unit-cell parameters 
and to collect data. The raw frame data were processed and absorption corrected using the 
SAINT2 and SADABS3 or TWINABS 4 programs, respectively, to yield the reflection data files. 
Synthetic Procedures: 
4-nitrophenyl bis(2-(diphenylphosphaneyl)ethyl)carbamate (A1): 4-nitrophenylchloroformate 
(0.770 g, 1.18 mmol) was added to a Schlenk flask containing 15 mL degassed CH2Cl2 in an ice 
bath. A degassed solution of PNHP-Ph2 was added dropwise in 15 mL CH2Cl2 via syringe. The 
reaction was stirred overnight under a dinitrogen atmosphere and allowed to warm to room 
                                               1.			APEX2	Version	2014.11-0,	Bruker	AXS,	Inc.;	Madison,	WI	2014.	2.		SAINT	Version	8.34a,	Bruker	AXS,	Inc.;	Madison,	WI	2013.	3.	Sheldrick,	G.	M.	SADABS,	Version	2014/5,	Bruker	AXS,	Inc.;	Madison,	WI	2014.	4.	Sheldrick,	G.	M.	TWINABS,	Version	2012/1,	Bruker	AXS,	Inc.;	Madison,	
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temperature. Solvent was then reduced to 15 mL CH2Cl2 en vacuo, and a solution of pH 6.3 
phosphate buffer (10 mL, 0.5 M) was then added to the flask and stirred for 15 minutes. The 
mixture was transferred to a separatory funnel and organic layer removed, and then the aqueous 
layer was washed twice with CH2Cl2. The combined organic layers were then dried over MgSO4 
and solvent was removed en vacuo to yield a yellow oil. Column chromatography was performed 
with 25:75 EtAc:Hexanes to yield the purified product (360 mg, 0.590 mmol, 50.3%). 31P NMR 
(600 MHz, CDCl3) δ -18.52, -20.86. 1H NMR (600 MHz, CDCl3) δ 8.22 (d, 4H), 7.20-7.5 (m, 
20H) 4.12 (dd, 2H), 1.26 (t, 2H). 
Ni(PNHP-Ph2)(BF4)2: This compound was synthesized from a modified literature procedure.12 A 
solution PNHP-Ph2 (340 mg, .772 mmol) was prepared by dissolving the neutral amine as an oil 
in THF (10 mL). To this solution was added Ni(BF4)2(MeCN)6. The resulting red solution was 
stirred for 16 hours and dried to a red powder. Crystals suitable for diffraction were formed by the 
vapor diffusion of diethyl ether into a solution of the crude product in acetonitrile. The solid state 
structure of this complex displays a 5-coordinate, square pyramidal Ni(II) center with both an 
axially bound MeCN and equatorially bound THF ligand. 
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Figure A.2: 31P NMR spectrum of A1 in CDCl3 
 
 
Figure A.3: 1H NMR spectrum of A1 in CDCl3. 
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Figure A.4: Solid state structures of Ni(PNHP-Ph2)(BF4)2. Thermal ellipsoids are drawn to 50% 
probability. Hydrogen atoms and outersphere anions and solvent molecules have been omitted for 
clarity. The major position of the disordered acetonitrile ligand has been displayed. 
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APPENDIX B: 
DIOXYGEN BINDING AND REDUCTION STUDIES 
USING HETEROBIMETALLIC COBALT SCHIFF BASE 
COMPLEXES WITH ENCAPSULATED CATIONS. 
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B.1. Motivation and Specific Aims 
  Chapter 1 described how electrostatic interactions   modify the reduction potentials and 
electronic structure of 2CoIIMn+. This appendix describes an attempt at characterizing the 
reactivity of these complexes towards dioxygen, a substrate that has been shown previously to 
undergo reversible binding and reduction with cobalt Schiff base compounds. The aim was to 
determine the influence of electrostatic fields on small molecule reactivity. 
B.2. Background 
 CoII(salen) is well known as a reversible dioxygen carrier,1-5 which prompted an 
investigation of how electrostatic interactions affect O2 uptake. Co(salen) complexes are reactive 
with O2 in the +2 oxidation state of cobalt, so the CoIII(salen) species were  synthesized and 
reduced electrochemically in the presence of O2 in an attempt to extrapolate kinetic information 
using cyclic voltammetry. 
 Co(salen) complexes have also been found to reduce dioxygen to hydrogen peroxide in 
the presence of protons.6 Additionally, it was recently demonstrated that a linear free energy 
relationship exists between the CoIII/II reduction potential and turnover frequency.7 There is a 
potential opportunity to use this established relationship to compare how the 2CoIIMn+ 
complexes function as catalysts relative to traditional substituted Schiff base compounds. The 
oxygen reduction reaction is of fundamental importance to certain fuel cell designs. Therefore it 
would be impactful if traditional scaling relationships (Linear free energy relationship for rate of 
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oxygen reduction on reduction potential) for this reaction can be broken using electrostatic 
interactions. 
B.3. Discussion 
Oxidation of 2CoIIMn+ Complexes 
 In order to conduct electrochemical studies on the kinetics of O2 binding, the oxidized 
2CoIIIMn+ complexes were required. These octahedral d6 complexes are air stable, and can 
subsequently be electrochemically reduced to the reactive CoII compounds in O2 saturated 
solutions. Initial chemical oxidations were carried out with p-toluenesulfonic acid for its literature 
precedent as a CoII Schiff base oxidant.8 However, this reagent (along with Ag(BF4), which was 
used in subsequent attempts) was not sufficiently oxidizing to cleanly convert the CoII starting 
material, likely caused by the positive shift in reduction potentials of the 2CoIIIMn+ complexes due 
to the presence of the encapsulated cations. Nitrosonium tetrafluoroborate is  a sufficiently strong 
oxidant for CoII oxidation,9 but UV-Vis spectroscopy indicated that NO+ coordination was 
persistent (Figure B.2). Thianthrenium oxidants were eventually found to be an adequate reagent 
for the CoII oxidation, and led to the successful isolation of 2CoIIISr(OTf)3 and 2CoIIIBa(OTf)3. 
Electrochemical O2 Binding Studies 
 Electrochemical reduction of the 2CoIIIMn+ in the presence of dioxygen was used to 
attempt to resolve the rate of O2 binding to the CoII species. Unfortunately, the slow kinetics of the 
CoIII/II couple at the electrode was a significant problem. At scan rates sufficiently slow to garner 
kinetic information on O2 binding, the peak potentials of the  CoIII/II were separated by 
approximately 500 mV (Figure B.1). Additional complications were encountered in finding am 
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internal reference for potential measurements, all of which interfered with the broad window 
required to observe the CoIII/II  redox event of the analyte complexes.  
Electrochemical O2 Reduction to H2O2 
 Cyclic voltammetry was used to gain a preliminary understanding of how the CoM(18-
crown-6-salen) complexes behave under the reported catalytic conditions. The studies were 
conducted in 1 mM solutions of analyte in MeOH with 100 mM TBAPF6. The CoIII/II redox 
couple exhibits slow electron transfer kinetics (Figure B.3, black trace). After the addition of O2, 
there is immediate marked increase in current indicative of catalysis, possibly O2 reduction 
enabled by methanol as a proton source. The addition of acetic acid (AcOH) shows that catalysis 
is greatly enhanced by the addition of a stronger acid source (Figure 7, maroon trace). 
Unfortunately, internal references were irreversible , and potentials had to be referenced to an 
Ag/Ag+ pseudoreference. Consequently, potentials in these experiments cannot be accurately 
measured.  
Discussion of Non-ideal Electrochemical Behavior 
 The sluggish behavior of the CoIII/II couple was a significant issue in the electrochemical 
studies described above. Additional problems, such as the inability to find a suitable internal 
reference, created further complications in determining accurate measurements through 
electrochemical means. During the course of this work, a publication by Mayer and Stahl7 noted 
similar issues while investigating electrocatalytic O2 reduction with Co(salen) complexes. In this 
work, catalytic turnover frequencies were determined using chemical oxidation and monitored by 
UV-Vis spectroscopy and O2 binding was quantified using a Clark electrode.  
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B.4: Experimental Details 
General Considerations:  
 For synthesis containing air and moisture sensitive reagents or products, manipulations 
were carried out in a glovebox or using standard Schlenk techniques under an inert atmosphere 
of nitrogen. Unless otherwise noted, all experiments were carried out at room temperature (21-24 
°C). All solvents used were degassed by sparging with argon and dried by passing through 
columns of neutral alumina or molecular sieves. Reagents were purchased from commercial 
vendors and used without further purification unless otherwise noted. The synthesis of all 
2CoIIMn+ compounds were carried out as described in Chapter 1 of this work. Thianthrenium 
oxidants were prepared according to literature procedures.10 
Physical Methods:  
Synthetic Procedures 
 Attempted Oxidation of CoII(OMe-Salen) with p-Toluenesulfonic acid: Adopted from 
a similar literature procedure to generate a CoIIICl(salen) species.8 CoII(OMe-Salen) (59 mg, .152 
mmol) was dissolved in CH2Cl2 to form a red suspension. PTSA-H2O (29 mg, .152 mmol) was 
then added as a solid, and the reaction mixture was stirred for one hour. The brown reaction 
mixture did not match the reported green product due to insufficient oxidation. 
 Attempted Oxidation of CoII(OMe-Salen) with Ag(BF4): Co(OMe-Salen) (34.5 mg, 
.089 mmol) was dissolved in MeCN, and Ag(BF4) (10.2 mg, .107 mmol, 1.2 eq.) was added as a 
solid in one portion. The solution was stirred for three hours, and solvent was removed en vacuo 
to yield a brown solid. Crystallization attempts to purify the product returned only starting material 
from the incomplete conversion to the CoIII product. 
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 Attempted Oxidation of CoII(OMe-Salen) and CoIIM(18-crown-6-salen) complexes 
with NOBF4: The Co(salen) complex was dissolved in MeCN and cooled to -35°C. To this 
solution, NOBF4 was titrated into the reaction dropwise. At one equivalent, a brown solution 
formed similar to that observed with the Ag(BF4) oxidation. After several more drops were added 
to the solution, a deep green color formed in solution.  
 Oxidation of CoII(OMe-Salen) and CoIIM(18-crown-6-salen) complexes with 
thianthrenium salts (Th+BF4 or Th+SbF6): The CoII(OMe-Salen) or CoIIM(18-crown-6-salen) 
starting material was dissolved in MeCN, and cooled to -35°C. Th(SbF6) was then added as a 
MeCN solution in one portion, and the inky purple solution slowly turned green over 
approximately ten minutes. Removal of solvent left a green solid that could be recrystallized from 
vapor diffusion of diethyl ether into acetonitrile, yielding crystals suitable for X-ray diffraction. 
 
Figure B.1: Cyclic Voltammetry of 2CoIIIBa(OTf)3 under an N2 atmosphere (orange), followed 
by exposure to O2 (red). CVs are referenced to Ag/Ag+ psuedoreference due to incompatibilities 
with internal standards. 
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Figure B.2: UV-Vis spectrum of the titration of NO(BF4) into a solution of Co(salen-OMe) in 
acetonitrile. 
 
Figure B.3: Cyclic voltammetry data from O2 reduction studies taken at 10 mV/s in methanol, 
Fc* = decamethylferrocene. Subwindow shows magnified current for clarity. 
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Figure B.4: Unfinalized solid state structure of 2CoIIISr(OTf)3. An outersphere triflate has been 
removed for clarity. One of two disordered positions of two carbon atoms in the crown ether ring 
have been shown. 
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